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ABSTRACT 
Fouling on the surfaces of heat exchangers, particularly in crude pre-heat train is 
one of the major challenges faced in crude oil refining. The accumulation of unwanted 
deposits on the surfaces of heat exchangers is referred to as foulant which causes 
obstacle to the heat transfer mechanism resulting in lost efficiency. Virgin foulant 
deposits collected from a local refinery were characterized for its physical and 
chemical properties using various sophisticated equipment to understand the 
properties and deposition mechanisms. From this studied it was found that wax 
formation was the major foulant material. The wax deposition follows two different 
mechanism routes and reactions i.e. in tube side a slow and steady deposition aided by 
polymerization reaction, while in the shell side a rapid sedimentation due to film 
boiling is observed. Based on the fouling tendency its compositions and properties, 
selected properties of a crude oil associated to it were identified. Three Malaysian 
crude oils tagged as A, B and C was selected. Each of chosen crude were 
characterized individually and later blended in accordance to common practice in a 
local refinery. Asphaltene compatibility parameter was done for fouling tendencies. 
From the study it was found that all 3 crudes at the predefined blending ratio are 
compatibility. Further test to understand asphaltene precipitation behavior was also 
conducted using Design of Experiment (DOE), Taguchi Orthogonal Array L-16 under 
the influence of temperature, solvent type and resident time. It was found that 
temperature has the highest impact and that asphaltene deposition; it decreases with 
increase in temperature. Asphaltene precipitation was also concluded to be 
significantly influenced by the presence of low molecular hydrocarbon.   
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ABSTRAK 
Penempelan deposit pada permukaan penukar haba dalam rangkaian penukar haba 
adalah satu masalah besar dalam induststri penapisan minyak. Pengumpulan deposit 
ini dirujuk sebagai „fouling‟dan menyebabkan pengurangan efisiensi penukaran haba. 
Deposit ini, dikumpulkan dari pusat penapisan berhampiran, deselidiki secara kimia 
and fizikal untuk memahami mekanisme and ciri-ciri proses tersebut. Dari kajian ini 
didapati  formasi „wax‟ adalah unsur utama bendasing itu. Pengumpulan ini berkalu 
melalui 2 mekanisma berbeza iaitu pengumpulan sekata dibantu oleh proses 
pempolimerisasi di bahagian luar manakala melalui proses sedementasi pantas akibat 
pemanasan tidak sekata di bahagian dalam. Berdasarkan ciri-ciri dan unsur-unsurnya, 
minyak mentah A, B and C dikaitkan dengan kecenderungannya untuk mengumpul. 
Setiap satunya dicirikan dan dicampur antara satu sama lain, mengikut spesifikasi 
pusat penapisan tersebut. Selain itu, parameter untuk „asphaltene compatibility‟ juga 
dikaitkan dengan mekanisma ini. Kajian lanjut dilakukan untuk memahami 
pemendapan „asphaltene‟ menggunakan Design of Experiment, DOE Taguchi 
Orthogonal Array L-16 – dipengaruhi oleh suhu, jenis pelarut and masa residensi. 
Suhu didapati mempunyai kesan secara tidak langsung yang paling tinggi terhadap 
pemendapan tersebut. Selain itu, penempelan ini juga dipengaruhi oleh kehadiran 
hidrokarbon bermolekul kecil. 
 
 
 
 
 
ix 
 
 
In compliance with the terms of the Copyright Act 1987 and the IP Policy of the 
university, the copyright of this thesis has been reassigned by the author to the legal 
entity of the university. 
Institute of Technology PETRONAS Sdn Bhd. 
Due acknowledgement shall always be made of the use of any material contained in, 
or derived from, this thesis: 
© Mohd Zamidi B Ahmad, 2011 
Institute of Technology PETRONAS Sdn Bhd 
All rights reserved.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
x 
 
 
TABLE OF CONTENT 
 
Status of thesis ..................................................................................................................... i 
Declaration OF THESIS .................................................................................................... iv 
Acknowledgement .............................................................................................................. v 
Abstract ............................................................................................................................. vii 
ABSTRAK ....................................................................................................................... viii 
TABLE OF CONTENT ...................................................................................................... x 
List of Tables ................................................................................................................... xiii 
List of Figures and Illustrations ....................................................................................... xiv 
LIST OF PLATES ........................................................................................................... xvi 
NOMENCLATURE ....................................................................................................... xvii 
CHAPTER 1 ....................................................................................................................... 1 
1.1. Problem Statement ....................................................................................... 3 
1.2. Research objectives ...................................................................................... 4 
1.3. Scope of Work .............................................................................................. 5 
1.4. Methodology ................................................................................................ 5 
1.5. Summary ...................................................................................................... 6 
CHAPTER 2 ....................................................................................................................... 7 
2.1. Introduction .................................................................................................. 7 
2.2. Crude oil fouling .......................................................................................... 7 
2.2.1. Principles of fouling .................................................................................... 11 
2.2.2. Fouling mechanisms ................................................................................... 12 
2.2.3. Factors influencing fouling ......................................................................... 18 
2.3. Crude Oil Asphaltene ................................................................................. 26 
2.3.1. Trace elements in asphaltene ...................................................................... 29 
2.3.2. Flocculation and precipitation of asphaltene .............................................. 31 
2.4. True Boiling Point ...................................................................................... 35 
2.5. Mitigation of fouling in the crude oil processing ....................................... 37 
2.6. Summary .................................................................................................... 39 
CHAPTER 3 ..................................................................................................................... 40 
xi 
 
3.1. Introduction ................................................................................................ 40 
3.2. Foulant Sampling and Characterization ..................................................... 40 
3.2.1. Total Organic Carbon (TOC) ...................................................................... 41 
3.2.2. Loss on Ignition (LOI) ................................................................................ 42 
3.2.3. Thermal Gravimetric Analysis (TGA) ........................................................ 42 
3.2.4. Elemental Analysis using CHNS Analyzer ................................................ 44 
3.2.5. Field Emission Scanning Electron Microscopy coupled with Energy 
Dispersive X-ray (FeSEM-EDX) ............................................................... 45 
3.3. Crude Oil Characterization ......................................................................... 46 
3.3.1. Density of Crude Oil using Digital Density Analyzer ................................ 47 
3.3.2. Boiling Point Distribution of Crude Oils using High Temperature Gas 
Chromatography (Simulated Distillation) .................................................. 48 
3.3.3. Pour Point of Petroleum .............................................................................. 51 
3.3.4. Ash from Petroleum Product ...................................................................... 51 
3.3.5. Water in Crude Oil using Distillation Method ............................................ 52 
3.3.6. Sulfur in Petroleum by Dispersive X-ray Fluorescence Spectrometry 
(XRF) .......................................................................................................... 54 
3.3.7. Shell In-house Method for Solvent De-waxing (Wax Content) ................. 55 
3.3.8. Elemental Analysis by Atomic Absorption Spectroscopy (AAS) .............. 56 
3.4. Method Development ................................................................................. 59 
3.4.1. Asphaltene Flocculation Study using AFT ................................................. 59 
3.4.2. Asphaltene Precipitation Study ................................................................... 63 
3.5. Summary .................................................................................................... 66 
CHAPTER 4 ..................................................................................................................... 67 
4.1. Introduction ................................................................................................ 67 
4.2. Fouling Deposit Characterization ............................................................... 67 
4.3. Crude Oil Characterization ......................................................................... 86 
4.3.1. Correlation Study between SIMDIS and True Boiling Point (TBP) .......... 96 
4.4. Asphaltene Flocculation Study using Automated Flocculation Titrimeter 
(AFT)…………….. ...................................................................................................... 99 
4.5. Summary .................................................................................................. 111 
CHAPTER 5 ................................................................................................................... 112 
5.1. Conclusions .............................................................................................. 112 
5.2. Recommendations .................................................................................... 114 
xii 
 
References ....................................................................................................................... 115 
Publications & Conferences ............................................................................................ 124 
AppendiX 1A .................................................................................................................. 125 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xiii 
 
 
LIST OF TABLES 
 
Table 2.1 The analysis of deposits from naphtha vaporizers [42] .................................... 24 
Table 2.2 Dependence of asphaltene precipitates on solvent type [68] ............................ 34 
Table 3.1 Fouling deposit characterization techniques ..................................................... 41 
Table 3.2 Crude oil characterization techniques ............................................................... 46 
Table 3.3 Operating conditions for the SIMDIS analysis by gas chromatography .......... 50 
Table 3.4 Array produced by Taguchi L-16, 3 factors with 4 levels for each factor 
(3x4) ................................................................................................................. 65 
Table 4.1 Fouling deposits analysis data .......................................................................... 68 
Table 4.2 The elemental analysis of foulants using CHNS analyzer ................................ 69 
Table 4.3 The percentage of weight loss of foulants at elevated temperature .................. 71 
Table 4.4 Fouling deposit analysis data ............................................................................ 80 
Table 4.5 Properties of crude A, B and C ......................................................................... 87 
Table 4.6 Properties of crude A, B and C ......................................................................... 94 
Table 4.7 Metal compositions of crude A, B and C.......................................................... 95 
Table 4.8 The solubility parameters of the reference heavy oils .................................... 101 
Table 4.9 The solubility and insolubility parameters of crude A, B and C .................... 103 
Table 4.10 Asphaltene drop-our rates in crude blends ................................................... 104 
Table 4.11 Definition of Parameters and levels .............................................................. 107 
Table 4.12 Average NHI% table showing optimum level, contribution and rank ......... 108 
Table 4.13 The ANOVA analysis for Crude A, B and C ............................................... 110 
  
xiv 
 
 
LIST OF FIGURES AND ILLUSTRATIONS 
 
Fig.  2.1 A schematic diagram of typical crude oil distillation unit with pre-heat train ... 10 
Fig.  2.2 The change in heat transfer co-efficient with time attributed to chemical 
reaction fouling [25] .......................................................................................... 14 
Fig.  2.3 Chemical transformations of foulant deposits .................................................... 16 
Fig.  2.4 Simplified view of colloidal model of asphaltenes in petroleum ....................... 26 
Fig.  2.5 Hypothetical structure of asphaltene molecule [9] ............................................. 27 
Fig.  2.6 Schematic of asphaltenes flocculation mechanism due to titration with n-
pentane ............................................................................................................... 28 
Fig.  2.7 Different type of petroporphyrins;  (a) ETIO, (b) DPEP and (c) Benzo [62] ..... 31 
Fig.  3.1 Assemble of the water content apparatus [87].................................................... 53 
Fig.  3.2 Ejection of an electron from its atomic orbital ................................................... 55 
Fig.  3.3 The schematic flow of Automated Flocculation Titrimeter (AFT) .................... 60 
Fig.  3.4 Onset flocculation peaks measured at three successively increasing 
concentration, using toluene as solvent and iso-octane as titrant [13] ............... 61 
Fig.  3.5 Calibration curves for (top) circulation flow rate and (bottom) titrant flow 
rate...................................................................................................................... 62 
Fig.  4.1 The weight loss curve for exchanger C shell side foula ..................................... 73 
Fig.  4.2 The weight loss curve for exchanger C tube side foulant................................... 74 
Fig.  4.3 The weight loss curve for exchanger D shell side foulant .................................. 75 
Fig.  4.4 The weight loss curve for exchanger D tube side foulant .................................. 76 
Fig.  4.5 The weight loss curve for exchnager A shell side foulant .................................. 77 
Fig.  4.6 The weight loss curve for exchanger A tube side foulant .................................. 78 
Fig.  4.7 The FeSEM images for exchanger exchanger C Shell side foulant ................... 81 
Fig.  4.8 Chromatogram of SimDist signal of crude A (top) and boiling point 
distribution curve, against mass percent (bottom) ............................................. 91 
xv 
 
Fig.  4.9 Chromatogram of SimDist signal of crude B (top) and boiling point 
distribution curve, against mass percent (bottom) ............................................. 92 
Fig.  4.10 Chromatogram of SimDist of crude C (top) and boiling point distillation 
curve, against mass percent (bottom)................................................................. 93 
Fig.  4.11 TBP and SimDist distillation curves (percentage of cumulative weight vs. 
temperature) for crude A .................................................................................... 97 
Fig.  4.12 TBP and SimDist distillation curves (percentage of cumulative weight vs. 
temperature) for crude B .................................................................................... 97 
Fig.  4.13 TBP and SimDist distillation curves (percentage of cumulative weight vs. 
temperature) of crude C ..................................................................................... 98 
Fig.  4.14 Comparison of product yields for crude blend A, B and C for the two 
correlated methods ............................................................................................. 99 
Fig.  4.15 The example of flocculation peak plot for heavy oil as reference, H1 ........... 100 
Fig.  4.16 Graph shows the  for the reference oils ................................................... 102 
Fig.  4.17 The SBN for crude A, B and C considering of adding H1 – H8 reference oil 
for back titration ............................................................................................... 104 
Fig.  4.18 NHI% of Crude A, B and C respectively in top figure (a), middle (b) and 
bottom (c) vs. time, temperature and solvent type ........................................... 106 
 
 
 
 
 
 
 
 
 
 
 
xvi 
 
 
LIST OF PLATES 
 
Plate 2.1 The conventional TBP unit ................................................................................ 36 
Plate 3.1 The example of TGA furnace ............................................................................ 43 
Plate 3.2 CHNS elemental analyzer .................................................................................. 44 
Plate 3.3 Simulated distillation Agilent 7890A HTGC unit ............................................. 49 
Plate 3.4 A Hitachi Z-8200 Zeeman AAS ........................................................................ 57 
Plate 4.1 The FeSEM images for exchanger C Shell side foulant .................................... 83 
Plate 4.2 The FeSEM images for exchanger C tube side foulant ..................................... 83 
Plate 4.3 The FeSEM images for exchanger D Shell side foulant .................................... 84 
Plate 4.4 The FeSEM images for exchanger D tube side foulant ..................................... 84 
Plate 4.5 The FeSEM images for exchanger A Shell side foulant .................................... 85 
Plate 4.6 The FeSEM images for exchanger A tube side foulant ..................................... 85 
 
 
 
 
  
xvii 
 
 
NOMENCLATURE 
 
 
Symbol Description  Units 
  
Symbols 
A Pre-exponential factor in Eq. 2.4   
A Volume of trapped water  ml 
A Total mass of insoluble in Eq. 3.12  wt % 
B Volume of solvent blank  ml 
B Total mass of sample  wt% 
C Volume of test sample  ml 
CII Colloidal Instability Index   
E Activation energy in Eq. 2.4  kJ/mol 
H Enthalpy   kJ/mol 
HD Ratio of crude oil to n-heptane   
I Insolubility number    
K Watson K factor    
NHI n-heptane insoluble  % 
ppm Parts per million   ppm 
p(x) Probability distribution function   
Rf Fouling resistance in Eq. 2.4  m
2
K/W 
SBN Solubility blending number   
SG Specific gravity   
t Time in Eq. 2.4  s 
tf Flocculation time  s 
Ti Boiling temperature of i-th fraction 
  
Ts Surface temperature 
 o
C 
U
v
 Internal energy of vaporization  kJ/mol 
xviii 
 
Symbol Description  Units 
V Molar volume in Eq. 2.4  m
3
/mol 
V Transmittance    
vT Titrant flow rate   
VT Tf x vT, volume of titrant at flocculation onset   
W i-th Weight fraction for i-th fraction  g 
yact Cumulative weight fraction   g 
yact,I Cumulative weight fraction for i-th fraction  g 
Rf Thermal fouling resistance at infinite time – 
asymptotic value in Eq. (2.12) 
 
m
2
K/W 
  
  
Greek symbols 
 Shape parameter (in Eq.    
 Scale parameter ( in Eq. 3.5 
 
 
 Gamma function with parameter  in Eq. 3.5 
 
 
 Constant for a given system in Eq. (2.34)  ms
-2
 
δ Solubility parameters   
δcr Solubility parameter for crude reference    
δIO Solubility parameter for iso-octane   
δoil Solubility parameter for oil   
δT Solubility parameter for toluene   
 
 
 
 
 
 
1 
 
 
CHAPTER 1 
INTRODUCTION 
The widening of the price difference between light, sweet crude and heavy, low 
quality crude has increased the refining margin considerably, worldwide. Stringent 
product specifications and standards have increased the demand of sweet crude, 
outpacing its supply and demand which has to be made up by heavy, low quality or 
challenging crude. For refiner however, acquiring the ability to process these 
challenging crude will not only enhance profitability but it will also help position 
them to compete successfully in the global environment more successfully. Research 
diagnostic of impurities in challenging crude oil is one of the major activities in 
understanding the big picture for potential research and development (R&D) area in 
impurities treatment technology.  
The future visions for petroleum industry are outlined to be energy and 
operational efficient, environmental friendly, reliable and safe plant operation. 
Petroleum refining is known to be one of the most energy-intensive manufacturing 
industries that lead to the demand of energy-efficient operation. Some practice has 
been introduced to the industry in order to improve the overall energy efficiency. 
Some of these include: plant heat integration, recovery of waste heat, implementation 
of improved housekeeping and maintenance programs. 
Fouling of heat exchanger in crude preheat train is a process which results in the 
accumulation of dirt or the growth of deposits on the heated surfaces and considered 
to be an on-going problem in the process industry. The deposits cause an increase in 
the thermal resistance that will eventually reduce heat exchanger effectiveness. The 
impact of fouling is substantial in the way it significantly affect capital, operational, 
economics and environmental aspects. This phenomenon is undesirable for heat 
exchanger operation since it often leads to other operating difficulties such as high 
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pressure drop or reduced flow rates.  The problem of heat exchanger fouling has 
become a challenge to designers, technologists and scientists, not only in terms of 
heat transfer technology but also in the wider aspects of economics and environmental 
impacts [1, 2]. 
Attempts have been made to estimate the overall costs of fouling related matters 
accountable to a particular refinery processes. Müller-Steinhagen [2] estimated that 
the total cost of all heat exchanger fouling in the UK is of the order of USD 2.5 billion  
while that in the USA is USD 14 billion annually. In a very extensive study of 
refinery fouling costs published by van Nostrand et al [3], they estimated that the cost 
of fouling in USA is in the order of USD 10 million per annum for a generic refinery 
processing 100,000 barrels of crude oil per day. With addition of inflation aspect, this 
figure can bloat up to USD 4500 million per annum [4]. This high cost number  is 
highly dictated by the Tema [5] or fouling resistance value of the heat exchanger. 
Tema value dictates the design and size of heat exchanger, insert used etc., to reduce 
or eliminate the fouling problem. Additional to that, other means such as anti-fouling 
additive and heat exchanger cleaning also contribute to the cost figure.  
This significant economic impact of fouling further emphasizes the importance of 
investigating the fundamental aspects of fouling. As mentioned, crude oil fouling 
causes a major penalty for crude oil refiners which can run into millions of dollars 
every year. In general, fouling in refinery introduces four major types of economic 
penalties [1, 4, 6]. They are capital expenditure, additional energy requirement and 
environmental impact, production loss due to shut down and maintenance cost. In 
general, it has been estimated that heat exchanger fouling account for 0.25% of the 
gross national product (GNP) in the highly industrialized countries [4].  
Environmentally, crude oil fouling contributes to the increase of CO2 release as 
extra fuel is needed in the distillation furnace in order to supply extra heat due to the 
failure of the preheat train to produce the required temperature prior to the distillation. 
In addition to the operational cost of heating up the crude, capital cost also increases 
because the heat exchangers have to be considered in larger sizes or more effective 
designs to compensate the heat transfer losses through fouling. Additional 
maintenance costs also increase with the more obvious result is the need to clean the 
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heat exchanger. Not only will it involve labor costs but it may require large quantities 
of cleaning chemicals and there may be effluent problems to be overcome. All these 
further add to cost. 
1.1. Problem Statement 
Crude oil distillation accounts for a large fraction of the energy used in oil refining. 
Crude oil contains a variety of substances, which tend to deposit as foulant layers in 
the heat exchangers and this results in decreased energy recovery and increased 
energy input. Such fouling leads to enormous costs, not only in the costs of loss of 
energy recovery but also in the costs of loss of product and mitigation measures. The 
importance of the crude oil fouling problem has led to a number of studies [7-9], 
focusing on parameters that govern rates of fouling, namely temperature, pressure, oil 
composition and fluid velocity. Whilst the results are useful, the mechanisms by 
which the fouling proceeds are not fully understood.  
It is generally assumed that materials depositing on heat transfer surfaces are 
heavy organics especially asphaltenes and wax [10, 11]. Asphaltenes are the least 
understood and the most problematic organic deposits. They are defined as the hexane 
insoluble but toluene soluble crude oil fraction. These are typically complex mixtures 
of polyaromatic condensed ring structures, with short aliphatic chains and 
heteroatoms such as nitrogen and sulphur. They carry most of the trace element 
content of the oil. In the crude, asphaltene tends to attract each other to form 
agglomerates. Changes in the composition of the crude, temperature, pressure or pH 
will lead to the flocculation of asphaltene and finally their deposition.  
Asphaltene precipitation is a common problem in most aspects of the oil industry 
[11]. These include oil production, transportation, and processing. While not much is 
known of the chemical properties of asphaltene, a number of researchers have 
attempted to postulate a model structure for asphaltene based on physical and 
chemical methods, but none has come up with a conclusive structure. The present 
proposal addresses foulant deposition in heat exchangers, where it is expected that 
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significant progress in fundamental understanding can be achieved and possibly be 
applied to upstream problematic areas.   
What is needed in pursuit of a solution to this problem is to advance the state of 
knowledge in this field. This proposal will attempt to outline proper evaluation 
techniques in order to handle this problem from its very fundamental source, which is 
the relationship between the crude oil characteristics or properties to the fouling 
behavior and tendencies of the studied crude oils based on the foulant characteristic 
itself. This study aims to:  
i. investigate important characteristics of Malaysian crude oils that have the 
tendency to cause fouling  
ii. understand the precipitation and flocculation of asphaltene as one of the major 
components in crude oil  
iii. provide an insight on fouling mechanism that ought to have occurred in the 
subjected crude pre-heat train  
With the findings of this research project, the knowledge of foulant characteristics 
and its deposition would be acquired. In addition, the techniques for characterizing 
asphaltene and other foulants will be attempted.  
1.2. Research objectives 
The following are the specific objectives to address the afore-stated hypothesis: 
1. To characterize the actual fouling deposits from an operating refinery and 
study the effect of composition on fouling behavior. This is also to understand 
the mechanism of fouling process that had occurred.  
2. To characterize the crude oils and crude blends to its composition and to link 
them with the fouling tendencies.  
3. To understand the precipitation and flocculation behavior of asphaltene, as the 
major crude oil fouling contributor [12].   
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1.3. Scope of Work 
Characterization of fouling deposit collected from local refinery is to be conducted 
based on a proposed priority. The characteristics are to be linked to the properties of 
the selected Malaysian crude oils, the main crude margins in a particular Malaysian 
processing plant. The three Malaysian crude oils will be used in this study where the 
crude oils together with their blends are characterized to determine the compositions. 
The study is also to understand the precipitation and flocculation of asphaltene, as one 
of the major components in crude oil and is known to contribute to crude oil fouling 
in heat exchanger. A detailed study on asphaltene onset-point through flocculation 
using Automated Flocculation Titrimeter (AFT) and the precipitation behavior of 
asphaltene based on pre-determined parameters with respect to temperature ranges 
from 25 to 80°C, carbon number of C5 to C9 in paraffinic solvent and residence time 
from 0 to 28 hours. An additional study is also to be conducted to correlate Simulated 
Distillation (SimDis) to existing True Boiling Point (TBP). 
1.4. Methodology 
To achieve the above-mentioned research objectives, the work has been conducted as 
stated below: 
i. Fouling deposit will be characterized using established analytical techniques 
which include Thermogravimetric Analysis (TGA), CHNS elemental analysis, 
Field Emission Scanning Electron Microscopy (FeSEM) and etc.  
ii. Characterization of crude oils and their blends as further explained in Chapter 
3.1 which was performed based on established standard method as in 
American Society for Testing and Materials (ASTM) and International 
Protection Rating or IP Code (IP).   
iii. Asphaltene flocculation study will be conducted using AFT. The AFT 
analytical method will be developed based on ASTM D6703 [13] while 
asphaltene precipitation study will be using a modified method based on 
ASTM D3279 [14] as can be referred in Section 3.3.  
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iv. The SimDist – TBP correlation study will be conducted by ASTM D7169 [15] 
by using a high temperature gas chromatography, Agilent 7890A. Data 
obtained will be correlated using MS Excel.  
1.5. Summary 
The thesis is divided into five main chapters. General introduction of fouling problem 
in heat exchanger is in Chapter 1 where the chapter includes problem statement and 
research objectives. Chapter 2 will be containing a literature review on the fouling and 
also asphaltene as the infamous fouling factor. Details of the research methodology 
can be found in Chapter 3 where the chapter covers all the analytical methods and 
characterization techniques involved in the study, and the findings are discussed in 
Chapter 4. Chapter 5 includes the conclusion of the study together with the 
recommendations to enhance fouling research in the future. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1. Introduction 
Studies on crude oil fouling characteristic and the tendency have been conducted by 
various researchers over the decades and yet the solution is very limited and crude 
specific due to the information scarcity. Factors that govern fouling vary for each 
crude oil and consequently complicate the issue. In this chapter, a brief review of the 
available literature will be made. Fouling process will be discussed in detail in terms 
of its mechanisms and important factors that govern fouling in crude oil system. 
Introduction to asphaltene and wax are given an attention for its contribution to 
fouling problem due to precipitation of asphaltene on the hot surfaces of heat 
exchangers and wax formation through polymerization.  
2.2. Crude oil fouling 
Crude oil is a complex mixture of numerous compounds with varying proportions of 
carbon and hydrogen. Petroleum may be classified in several ways; however the more 
acceptable classification is that of the United Nations Institute of Training and 
Research (UNITAR). It classifies petroleum according to density measured at 15.6°C 
(API gravity) and viscosity which is measured in SI unit [16]. Oils with gas free 
viscosities of more than 10,000 mPa.s and API gravity of less than 10° are known as 
bitumen, those with viscosities of between 100 – 10,000 mPa.s and API gravities of 
20 - 10° are known as heavy oils. Light and medium crude oils are those with 
viscosities of less than 100 mPa.s and API gravities of more than 20°. 
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The appearance and composition of crude oil varies from one origin to another. 
As has been well established in fouling area, basic organic components of crude oil 
includes saturated hydrocarbons and naphthenes, resins, aromatics and 
macromolecular asphaltenes [17]. Crude oils are broadly classified as naphthenic, 
aromatic or paraffinic, depending upon the relative concentrations of these 
ingredients. The Watson K factor indicates whether the crude oil is paraffinic (K 
factor: 12.5 – 13.0) or naphthenic-aromatic (K factor: 10.5 – 12.5). The average crude 
oil contains about 84% carbon, 14% hydrogen, 1-3% sulfur, and less than 1% each of 
nitrogen, oxygen, metals and salts [18]. Crude oil refining is one of the most complex 
processes in energy production, solely because of the complex mixture of 
hydrocarbons and inorganic materials.  
As is well known in refining industry, in order to beneficiate the crude oils and 
produce valuable commercial products, it is generally necessary to subject the crude 
oil materials to distillation and/or cracking operations. Both of these operations 
involve high temperatures. The problem can be escalated when the crude oils poor in 
aromatics and resins are subjected to the high temperatures, asphaltene and other 
undesirable carbonaceous materials become incompatible with the liquid phase and 
tend to flocculate and/or precipitate on hot metal surfaces of processing equipment 
[17]. In some cases, fouling of sufficient magnitude can totally block flow through the 
heat exchangers in turn may increase metal strain and corrosion. In extreme cases, it 
may lead to leaking and bursting of heat exchanger tubes. 
In fractionating crude oil into its major and valuable components, the crude has to 
undergo a series of processing units. The crude oil distillation unit, CDU is the heart 
of an oil refinery. Within this unit, raw petroleum is distilled and separated into its 
products before being transferred downstream for further processing. The distillation 
of crude oil accounts for a large fraction of the energy used in oil refining. In order to 
reduce this huge energy consumption, a series of heat exchangers commonly known 
as the „crude preheat train‟ is typically employed by oil refiners. This sequence of 
heat exchangers works by exchanging heat between the input (crude oil) and output 
(product) streams from various distillation fractions [19, 20].  
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The character of the deposit depends on the fluid (liquid or gas) passing through 
the heat exchanger [1]. In some cases the bulk fluid itself may be the cause of the 
problem related to deposit formation, e.g. the decomposition of heavy organic liquid 
fraction under uneven temperature conditions, creating hot spots within the heat 
exchanger. Figure 2.1 shows a schematic diagram of a typical crude oil distillation 
unit. Crude oil is pumped into crude distillation unit, normally at ambient 
temperature. It is then heated up to around 120 – 150oC   prior to entering the desalter. 
In the desalter, the crude is usually contacted with hot water to remove salts (calcium, 
sodium, carbonates and magnesium chloride) and solids (silt, sand, clay, iron oxides 
and iron sulphides). In the subjected refinery in this study, an electric spark is applied 
to break up emulsion. The inorganic (soluble and insoluble) has greater affinity 
towards the aqueous phase and are removed together with the effluent water. This step 
is vital to reduce plugging, corrosion and fouling of equipments further downstream 
of the desalter [4, 21]. After the desalter the crude flows through another series of pre-
heat exchangers, which typically heat up the crude to 300
o
C before it enters the 
furnace of the CDU. It is reported that fouling is most severe immediately upstream of 
the furnace (E5 and E6) as depicted in Figure 2.1 [4]. It is generally believed that 
inorganic fouling is more predominant upstream while organic fouling downstream of 
the desalter [4].  
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Fig.  2.1 A schematic diagram of typical crude oil distillation unit with pre-heat train 
Many efforts have been made by oil refiners in order to minimize and control this 
problem. These include the usage of anti-fouling chemicals, modification of heat 
exchanger operating conditions, the introduction of mitigation devices, such as tube 
inserts and twisted-tubes, and even installation of new types of heat exchangers. Even 
though fouling problem has been lingering for decades, there is no standard generic 
solution or mitigation step that can be employed by refinery operators. A set of 
actions in one case may be inappropriate to another. This is mainly due to the 
complex nature of crude oil itself, which in turn makes the fouling mechanism a 
tricky subject.  
The mechanism in which fouling is believed to follow has been the focus of many 
research work in hydrocarbon fouling. There are five main categories of fouling 
according to Epstein [21]; chemical reaction, particulate, biological, crystallization 
and corrosion fouling. Each of these types of fouling has a different mechanism. 
Chemical reaction fouling in particular has been receiving much interest from 
11 
 
researchers recently due to relative high temperature operation condition of the 
present heat exchangers [4, 22, 23].  
Since heat exchanger‟s sole duty is to transfer heat energy between streams (hot 
and cold), reduced heat transfer efficiency due to fouling has to be compensated in the 
process stream by consuming more primary fuel to chalk up the energy source 
resulting in an increase in fuel input by the refiners. Apart from the reduced energy 
efficiency, other problem may also occur in the later section of processing unit. For 
instance, a situation where a greater „boil up‟ rate in the column between re-boiler and 
feed inlet occurs due to insufficient feed‟s heat from pre-heat exchanger to distillation 
column. This further affects the efficiency of the stripping section of the column and 
may produce poor product quality or throughput have to be reduced to meet the 
specifications. 
2.2.1. Principles of fouling 
Many researches in this particular field have been carried out around the world. 
Primarily from the researches, a few important mechanisms have been suggested to be 
responsible for all fouling problems [24]: 
i. Sedimentation of suspended solids – by knowing the properties of the fluid 
and suspended solids, flow conditions and mixing effects, models predicting 
sedimentation of solids from liquids can be developed  
ii. Solidification or crystallization due to phase change as a result of lowering the 
temperature or super saturation – e.g. crystalline solids 
iii. Solubility effect causing deposition or precipitation – e.g. petroleum fluid or 
crude oil is a mixture of various compounds that is stabilized by a solubility 
balance among the components. Changes in the balance can cause 
precipitation from the hydrocarbon fluid and fouling will occur 
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iv. Interfacial effects – adsorption, surface active agents, foaming and etc. 
Theories of adsorption and wet-ability reversal, in principle, are applied to 
predict fouling tendencies.  
2.2.2. Fouling mechanisms 
Fouling is typically classified in terms of knowledge available about initiation 
process, transport, attachment, removal and ageing of the fouling layers. Epstein [21] 
and Bott [1] categorized fouling into five general groups; particulate, corrosion, 
chemical reaction, crystallization and biological fouling. There are several basic 
mechanisms in which fouling deposits can occur and each of them depends upon 
several variables of the crude oil and operating parameters. 
2.2.2.1. Particulate deposition 
Particulate deposition can occur in both liquid and gas systems. In liquids the 
particulate matter can be corrosion products carried over from other points in the 
process plant. These corrosion products can be transported as slurries or suspension in 
the mother fluid and tends to deposit onto heat exchanger surface.  
Most mechanisms in particulate deposition involve a few aspects of particulate 
transport. In crystallization, it is generally accepted that the deposition is dependent 
on the transport of solid crystallites across the foulant layers where it is trapped. In 
chemical reaction fouling, some reaction may take place remotely away from the 
surface giving rise to particles that eventually deposit on the surface. The arrival of a 
particle at a surface can be by two mechanisms, i.e. gravitational settling and particle 
transport within a fluid as it moves across the surface onto which the particles deposit. 
Both mechanisms are relevant to the fouling of heat exchangers. 
Two things must occur before a particle in suspension in fluid deposits on a 
surface to become part of the foulant layer. First the particle has to be transported to 
the surface by one or a combination of mechanisms including Brownian motion, 
turbulent diffusion or by virtue of the momentum possessed by the particle [1]. The 
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size of the particle will have a large influence on the dominant mechanism. For 
instance very small particles could be expected to have a tendency to Brownian 
diffusion and eddy diffusion whereas the larger particles because of their mass would 
move under the momentum forces. Secondly on having arrived at the surface the 
particle must stick if it is to be regarded as part of foulant layer residing on the 
surface. 
2.2.2.2. Chemical reaction fouling 
Chemical reaction fouling is usually associated with organic chemicals as opposed to 
reactions of metals with aggressive agents. Under the influence of the high 
temperatures present in the exchangers, chemical reactions can take place without the 
heat transfer surface; although in some cases the metal may act as a catalyst. The 
chemical reactions are usually complex and may involve such mechanisms as 
autoxidation, polymerization, cracking or coke formation. 
In preheating of crude oil prior to the primary distillation process, the temperature 
is progressively raised from room temperature to about 250°C through a series of 
shell and tube heat exchangers and subsequently to as high as 400°C in furnace. The 
drastic temperature changes usually result in deposition of particles which are 
chemically complex over a period of time in operation. Crittenden et al. [25] 
conducted a study using light Arabian crude oil (with 10% wax content) from a crude 
oil storage tank flowing at 0.5 m/s to understand the effect of chemical reaction 
fouling to heat transfer co-efficient. The result was illustrated and showed in figure 
below.  
14 
 
 
Fig.  2.2 The change in heat transfer co-efficient with time attributed to chemical 
reaction fouling [25]  
From the analysis of the produced deposits in the experiment, it was found that 
the major constituent was degraded hydrocarbon with significant amounts of 
inorganic matter. It is believed that the inorganic materials are responsible for 
chemical degradation of the wax by either catalyzing the reaction or participating in 
or encouraging corrosion [18]. Inorganic constituents of the deposits may be present 
as a result of: 
i. Salts dissolved in an aqueous fraction associated with the organic liquid. For 
instance in crude oil processing steps are taken to “desalt” the hydrocarbon but 
there may be some “carry over” in the liquid stream  
ii. Organic molecules containing heteroatoms. For example sulphur is often a 
constituent of crude oil in the form of mercaptans or other organo-sulphur 
compounds  
iii. Organo-metallic compounds. Crude oil usually contains vanadium and nickel 
that may be present in combination with complex organic structures  
iv. Corrosion products that have become detached from upstream equipment and 
are trapped within the deposits produced by chemical reactions.  
The chemical reaction either generates the deposit directly on the heat transfer 
surface or is involved in forming deposit precursors, which subsequently result in the 
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formation of deposits. Precursor may be formed in the bulk liquid, usually in the 
boundary layers near the heat exchanger surfaces or directly on the surface. The 
precursor may be soluble in the bulk fluid and only give rise to deposition when it is 
carried by diffusion onto the wall surface region. It is entirely possible that the 
precursor can either precipitate or react to cause solid particles to be formed remotely 
to the wall. If the reaction is with the wall surface then the mechanism could be 
regarded as corrosion fouling. 
Other major possible reactions that can lead to insoluble foulant materials include: 
gum formation, which is from heating of unsaturated paraffinic hydrocarbon mixtures 
which precipitate gum-like material. This polymer may be formed on the wall or 
transported as particle to the wall. A sequence of events has been proposed by Taylor 
[26, 27] as given in Figure 2.3. A continuous polymerization reaction produces high 
molecular weight polymers, precipitate and when continuously exposed to high 
temperature, it will be converted to coke.  
In some cases asphaltene is precipitated as a result of incompatibility which may 
be due to insolubility or temperature fluctuation. With time on stream, these 
precipitated asphaltene adherence to heat transfer surfaces undergo degradation-
reduction reactions to form coke through carbonization processes. Ethylene and 
propylene are also strong precursors which undergoes polymerization reaction by 
cyclisation with higher diolefins and aromatics. This reaction involves heteroatomic 
species. Pyrroles are example of nitrogen-containing molecules that is deposited via 
oxidation followed by condensation.  
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Fig.  2.3 Chemical transformations of foulant deposits 
2.2.2.3. Fouling due to corrosion 
Corrosion may be defined as the disintegration of an engineered material into its 
constituent atoms due to chemical reactions with its surroundings. In the most 
common use of the word, this means electrochemical oxidation of metals in reaction 
with an oxidant such as oxygen defined as loss of material due to some form of 
chemical attack. Corrosion is an electrochemical reaction that, in the presence of 
water and oxygen, reduces processed metals in their elemental form such as steel 
(Fe
0
) to their natural state of oxidized compound (Fe2O3, FeO, Fe3O4). The origin of 
the corrosion may be from the process fluid itself, a constituent of it, or present as 
trace impurities in the fluid stream. Corrosion protection chemicals are injected as 
metal oxides on the surfaces may also contribute to fouling when oxide layer is 
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removed by chemical action or erosion resulting in the underlying metal being 
exposed and seriously affected.  
The presence of the corrosion products on the surface represents a resistance to 
heat transfer and therefore constitutes as a fouling deposit. Corrosion from the other 
parts of the process plant may give rise to heat exchanger fouling, but here the 
mechanism of deposition is not generally related to chemical reactions, but rather to 
particulate deposition. 
2.2.2.4. Scale formation & crystallization 
Another common phenomenon is scale formation on heat transfer lines where 
aqueous solutions are involved, e.g. the use of „„de-mineral‟ water for desalting 
purposes. The formation involves salt deposition out from the solution, either by 
crystallization on the heat transfer surface or in the bulk liquid phase. The scale 
formed can be both „hard‟ scale which is difficult to remove, and „soft‟ scale which is 
in the form of semi-solid and usually referred to as „sludge‟. In either example the 
result is loss of heat transfer efficiency. 
The other important form of scale formation is crystallization where theoretically 
it is concentrated on two main properties; crystalline solid and solubility. Crystalline 
solid has a coherent rigid arrangement of lattice molecule, atoms or ions of which has 
characteristic of the substance. For example crystals of sodium chloride are formed by 
a simple cubic structure involving the ions Na
+
 and Cl
-
. The regular repeating 
„construction‟ of the crystal results in the crystal having a characteristic shape. As the 
crystal grows, smooth surfaces often referred to as „faces‟, appears. The crystals are 
soluble in a solution that is in dynamic equilibrium with the soluble solid and liquid 
phase. Once saturation is exceeded, the solid has the tendency to drop out of the liquid 
phase.  In some cases, the normal solubility may be supersaturated, once there is a 
drop in temperature, solid phase precipitate out and the crystals start to grow as any 
crystallization process. 
Two forms of salt solubility are possible. Some salts have greater solubility as the 
temperature is raised; these salts are called normal solubility salt and example include 
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NaCl and NaNO3. Other salts usually termed are inverse solubility salts which have 
lower solubility as the temperature is raised, e.g. CaCO3 and CaSO4. These salts are 
commonly used as corrosion inhibitors. 
2.2.3. Factors influencing fouling 
2.2.3.1. Effect of crude oil composition 
Crude oil is a complex mixture composed of many components which vary greatly in 
its chemical and physical properties. In some cases, reactive constituents such as 
olefins present may undergo thermal decomposition, polymerization, or auto-
oxidation reactions to produce fouling precursors or foulants [28]. Before considering 
some detailed chemistry, it is useful to record general observations that have a bearing 
on the discussion. Crittenden [29] has listed some relevant facts: 
i. Liquids containing molecules of high molecular weight have a greater 
tendency to form deposits compared to lighter fractions  
ii. Branched chains have a greater tendency to deposition, i.e. increased 
deposition rates  
iii. Thermally decomposed liquid streams are particularly vulnerable to gum 
formation and deposition. Deposition from n-decane in the range 366 – 450K 
is inhibited in the presence of aromatics and naphthenes but encouraged in the 
presence of olefins  
iv. Some sulphur and nitrogen containing compounds, particularly those that 
break down under the process conditions mainly near the heat exchanger 
surfaces to produce free radical, which  promote polymerization-like 
deposition  
v. Dissolved metal complexes and metal oxides can increase deposition through 
catalytic action. Copper is said to be particularly harmful in this context  
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vi. Antioxidants and corrosion inhibitors may increase deposition rates  
vii. Desalting of crude oil streams does not always eliminate deposition of 
inorganic material.  
One of the crucial factors governing fouling is the amount of asphaltene present in 
the crude. Heavy crudes tend to have higher asphaltene contents and are more 
susceptible to fouling. Dickakian [11] had shown that asphaltene and polar molecules 
play an important role in fouling at elevated temperatures when condensed, where it 
formed coke during phase separation. At lower temperatures, asphaltene precipitation 
occurs due to the changes in solvent nature via blending, or pressure change. The 
major factor that governs precipitation of heavy organic substances appears to be due 
to asphaltene flocculation, which is initiated because of variation in compositions of 
crude and injected (or blended) fluid, pressure and temperature [30]. With alterations 
in these parameters, the asphaltene flocculation mechanism will vary and so too the 
nature of heavy organics which precipitate out together with the asphaltene.  
The presence of salt, water, sediment and other contaminants also contribute to 
asphaltene precipitation. Lambourn and Durrieu [31], in their microscopic 
examination of colloidal asphaltene in crude oils revealed that the asphaltene upon 
precipitation coated droplet of water to form an emulsion. These emulsions 
incorporated particulates, mainly oxides and sulphides of iron, to form stable entities 
that are insoluble in crude oil. These emulsions deposited on the heat transfer surface 
and when aged, it forms coke. According to Van der Wee and Tritsman [32], the 
tendency for emulsion to flocculate in crude is inversely proportional to the 
concentration and valency of the positive ion metals in the emulsion. Thus, higher salt 
concentration and the presence of multivalent metal ions decrease the stability of 
water-oil emulsions and lead to deposition of the particulates they carry.  
Together with asphaltene, waxes also contribute to the organic fouling. Waxes are 
long-chain aliphatic hydrocarbons and present in most crude oils, but they are 
generally found at higher concentrations in paraffinic crude oils. Asphaltenes and 
waxes however do not interact synergistically to form deposits; instead, they 
precipitate separately to form individual deposits [33].  
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Oxygen and nitrogen are among the major elemental components that are inherent 
in the crude oils. However, when a crude oil is subjected to heat, the presence of 
oxygen in crude oil can lead to auto oxidation reactions. These reactions may trigger 
the formation of free radicals which subsequently forms insoluble gums. Watkinson 
[34] reported that the presence of dissolved oxygen, even at low concentration of 10 
ppm in the oil, can have significant effects on fouling through gum formation. This 
result was also observed in work by Asomaning and Watkinson [35] in which two sets 
of fouling rate-experiment were performed; one with oil saturated with oxygen and 
nitrogen, and the other with oil with an addition of species containing oxygen. 
Fouling rates in the presence of additional dissolved oxygen were observed to be 10 
times higher than those found in the saturated oxygen and nitrogen saturation set up. 
The addition of species containing oxygen also increased the extent of fouling.  
Sulphur species are known to exist in fouling deposits, in most cases in the form 
of iron sulphide.  Sulphur exists in crude oil either as aromatic or aliphatic sulphides 
[4]. The effects of sulphur on fouling are species-dependent. Free sulphur, 
disulphides, polysulphides and benzene thiol have been reported to promote 
instability in stored fuel oils [36]. In crude oil, aliphatic sulphur is the most thermally 
reactive functional group. Thermal cracking of hydrocarbons is usually initiated by 
carbon free radicals and hydrogen sulphides formed via the breaking of carbon-
sulphur bonds. If insoluble asphaltene comes in contact with a hot surface, the 
reactive sulphides will initiate the cracking of asphaltene to form insoluble coke. The 
presence of iron sulphide can be explained by the reaction of hydrogen sulphides with 
iron containing surface, which forms corrosion products and could also be the 
precursor for fouling.  
The effect of nitrogen species towards fouling is less detrimental in comparison to 
the effects of oxygen and sulphur. However, species such as pyrroles have been 
shown to form gums in fuel oils, shale oils and naphtha through complex 
polymerization reactions [36]. A recent study has suggested that basic nitrogen 
content above 200 ppm in the crude oil usually indicate that the crude will not foul, 
whereas concentration below 100 ppm will give rapid fouling problem on the heat 
transfer surface. Crude oils with basic nitrogen content of 100 – 200 ppm are found to 
have immediate fouling potential on the heat transfer surface [37].  
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Trace metals are always present in petroleum streams as natural compounds and 
as corrosion products. For example, certain metals, carbides, oxides and sulfides of V, 
Fe and Ni are active catalyst for crude oil fouling and could present in the crude oil 
preheat train, either transported from the hydrocarbon source or corrosion site [38]. 
Other metals such as iron, copper and zinc may also be present in significant amounts. 
A high concentration of these metals in crude oil is usually linked with the high 
asphaltene content in the distillation residue [4]. Vanadium, nickel and some iron 
exist naturally in petroleum as metal chelates, called porphyrins. On the other hand, 
iron sulphide  resulting from corrosion product is second only to asphaltene as the 
most common foulant in crude pre-heat trains [39]. Since it is a black, granulated 
solid, it is often mistaken for coke.  
The analysis of the foulant deposit may give some indication of the processes 
involved in fouling. The presence of oxygen or otherwise, may indicate autoxidation 
mechanism. The presence of sulphur or nitrogen in the deposit could demonstrate that 
a free radical mechanism had been involved in the formation of deposits. Crittenden et 
al. [12] performed elemental analysis on fouling deposits obtained from pre-heat train 
and the results show a significant amount of inorganic species. However, the linkage 
between these metals found in deposits and their presence in crude oil is rather 
inconclusive. Salt of the alkali and alkaline earth metal elements can contribute in 
crystallization fouling mechanism, especially the inverse solubility salts in the 
exchangers prior to the desalter. 
2.2.3.2.Effect of crude oil blending  
Another important factor which influences crude oil fouling is blending practice in the 
refinery. Blending of crude oils can cause unstable mixes which precipitate species 
such as asphaltene resulting in rapid fouling, or acute fouling [40]. Mixing typical 
paraffinic crude oils or condensate with asphaltenic crude oils can cause the 
asphaltene to precipitate, giving rise to high fouling factors and this may limit the 
amount of condensate that can be mixed with the crude oil [4].  
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In a series of papers, Wiehe [41, 42] and Wiehe and Kennedy [43] demonstrated 
how the incompatibility of crude oils can be predicted based on simple laboratory 
measurement by the introduction of two parameters that can be defined to characterize 
a crude blend, namely the Insolubility Number, IN and the Solubility blending 
number, SBN. The Insolubility Number, IN  is an indication of amount of non-solvent 
introduced which initiate the precipitation of asphaltene while the blending number, 
SBN is the safe limit for blending two or more crude oils.  Wiehe et al. [44] also 
stressed on the importance of the blending order since it is an important factor which 
causes crude blends to become incompatible. This procedure has been verified in 
commercial crude preheat application. Saleh et al. [45] studied the effect of crude oils 
mixing and blending crude oils at certain operating conditions with the intention of 
using the results to guide a fouling mitigation strategy. 
2.2.3.3.Effect of operating conditions and practices 
In crude processing under moderate temperature conditions, fouling can be affected 
both by the composition and the operating condition. Murphy and Campbell [28] 
outlined several categories of crude fouling, as it has been categorized by section 
2.2.2 by Epstein [21] and Bott [1]. The changes in operating conditions and 
parameters are known to have impact in fouling to occur. 
Injecting other chemicals to enhance the crude oil processing is one of the 
common practices in refinery. Shibuya et al. [46] found that the addition of cracked 
stocks, known to contain unsaturates and other species are susceptible to autoxidative 
polymerization reactions. Pre-saturation of the test fluid with oxygen increased 
fouling further, implicating autoxidation reactions. In a more recent work, Shibuya et 
al. [47] found that injecting nitrogen into test fluids to stimulate two-phase flow 
resulted in a significant reduction in fouling. They interpreted this result as due to 
increased „local turbulence‟. However, given the high bromine number (indicator for 
un-saturation) to their feedstock, it is not apparent whether this result is partly due to 
oxygen exclusion resulting from the addition of nitrogen. 
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In a comprehensive study of fouling in crude pre-heat exchangers in a refinery, 
Crittenden et al [12] were able to make an analysis of some of the deposits. These 
data were reproduced by Bott [1] and are related to the processing of light Arabian 
crude oil. The relatively high inorganic content was noted by them. The presence of 
iron suggests corrosion reactions and the sulphur inherent constituent of the crude oil. 
It is suggested that the high sodium content is probably due to the practice of injecting 
caustic to control pH and hence mitigate corrosion. The high ash sodium and chlorine 
contents are attributed to carry over from the associated desalter. 
 Coggins [48] made a survey of deposits in gas making equipment. The survey 
comes from a time in the UK when petroleum fractions under reforming condition 
were used. The problems of fouling arose largely as a result of subjecting the 
petroleum feed stocks to high temperatures. In the same report, Coggins provided 
some data on the composition of the deposits taken from naphtha vaporizers (See 
Table 2.1). The main constituents of the ash appeared to be iron, sulphur and lead 
together with many other inorganic elements and compounds including vanadium and 
sulphur. It points to the fact that the formation of deposits might be basically due to 
chemical reaction. This external process will very much depend on the nature of the 
process and the temperature regime it encounters. 
Lambourn and Durrie [31] concluded in their study that asphaltene in the bulk is 
the major cause of fouling in crude pre-heat exchangers. The study also found that the 
quantity of suspended asphaltene had a complex relationship with the bulk 
temperature, where asphaltene dissolved in the temperature range 100 – 140°C and re-
precipitate when the temperature was raised above 200°C. Rheological studies of the 
flocculation of asphaltene in heavy oil by Storm et al. [49] supported this view. 
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Table 2.1 The analysis of deposits from naphtha vaporizers [42]  
Constituent Composition % wt 
Carbon 73 
Hydrogen 4 
Ash 23 
2.2.3.4.Effect of surface temperature 
A widely known relationship for the dependency of reaction rate on the temperature is 
represented by Arrhenius relationship. Surface temperature effect in crude oil fouling 
has always been considered to follow the Arrhenius relationship. Arrhenius 
relationship is expressed as follows: 
𝑑𝑅𝑓
𝑑𝑡
= 𝐴 exp (−
𝐸
𝑅𝑇𝑠
)         (2.4)  
where  
A is a pre-exponential factor, 
E is the activation energy, 
Ts is the absolute surface temperature, K 
Equation 2.4 implies that a plot of ℓ𝑛 (𝑑𝑅𝑓/𝑑𝑡)  versus 1/𝑇𝑠 gives a straight line 
from which the values of A and E can be determined. In applying this equation, the 
factors such as velocity, fluid composition and geometry should be kept constant. 
Crittenden et al. [12] fitted this equation to data for light Arabian crude oil and 
obtained the result as shown in equation below. 
 
𝑑𝑅𝑓
𝑑𝑡
= 4.9 × 10−7⁡(−33/𝑅𝑇𝑠 )
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From the above equation, Crittenden et al [12] obtained the activation energy 
value as 33 kJ/mol for light Arabian crude oils and 21 kJ/mol for the heavy crude oils. 
Crittenden et al. [29] mentioned that the activation energy below 40kJ/mol indicates 
that both chemical and physical fouling mechanisms are important. Scarborough et al. 
[50] and Eaton and Lux [51] obtained values of 53 and 36 kJ/mol, respectively for 
crude oil feedstocks. It should be noted that these values are based on the wall/surface 
temperature, 𝑇𝑠. Ebert and Panchal [52] used the film temperature, 𝑇𝑓  in their analysis 
of fouling rates and obtained value of 68 kJ/mol for activation energy using 
Scarborough et al. [50] data set.  
Asomaning [7] studied the effect of surface temperature by using fuel oil at an 
inlet bulk temperature of 85
o
C and fluid velocity of 0.6 m/s. He observed that at an 
initial surface temperature of 185
o
C, deposition was negligible and final fouling 
resistance was 0.0085 m
2
K/kW. If the initial surface temperature was raised to 215
o
C, 
the final fouling resistance was increased to 0.04 m
2
K/kW; a five-fold increase. The 
initial surface temperature was further increased to 240
o
C and 320
o
C. Final fouling 
resistance also increased to 0.05 and 0.085 m
2
K/kW, respectively, which is a six and 
ten-fold increase over that at 185
o
C. Increase in initial surface temperature resulted in 
an increase in fouling propensities of the fuel oil.  
The initial fouling rate doubled for every 60
o
C increase in surface temperature. 
Saleh et al. [45] conducted fouling experiment using Gippsland crude oil heated at 
moderate temperature. Surface temperature was found to have a major impact on 
fouling rates where an increase of roughly 80 
0
C resulted in tripling of initial fouling 
rates. The calculated activation energy based on the Arrhenius plot gave values of 42 
kJ/mol and 28.5 kJ/mol based on the film and surface temperatures respectively.  
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2.3. Crude Oil Asphaltene 
Asphaltenes, the heaviest and most complex part of crude oil is believed to be one 
of the main components associated to fouling. Asphaltenes are present in most crude 
oils; however, their concentration thereof may vary from about 0.1 wt% to as much as 
12 wt%, depending on the origin of the crude. Asphaltenes are highly aromatic 
conglomerates with very high molecular weights, and the same may generally be 
characterized as alkyl aromatic consisting of poly-condensed aromatics of six or more 
rings, which give many crude oils their black color. Asphaltenes have higher 
solubility in aromatics but generally insoluble in saturated hydrocarbons. This 
property results in asphaltene existing in crude oils in the form of a suspension that is 
stabilized by resin fraction which acts as a natural dispersant, as shown in Figure 2.4. 
Asphaltenes are defined as a class of crude oil constituents insoluble in non-polar 
solvents such as pentane, hexane or heptane but soluble in solvents such as pyridine, 
carbon disulphide, carbon tetrachloride, toluene or benzene [36].  
 
Fig.  2.4 Simplified view of colloidal model of asphaltenes in petroleum 
Study by Strausz and co-workers [53] have led to a hypothetical structure for 
asphaltene shown in Figure 2.5. The structure contains aromatic clusters with side 
chains and heteroatoms which is consistent with the findings of other researchers [53].  
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Fig.  2.5 Hypothetical structure of asphaltene molecule [9]  
Apart from the complex structure of asphaltene, it is generally believed that the 
flocculation of asphaltene is followed by deposition. Asphaltene tend to deposit as 
fouling layers in the heat exchangers resulting in decreased energy recovery and 
therefore requires increased energy input. Studies have proven that asphaltene in 
crude oils tend to attract each other to form agglomerates as illustrated in Figure 2.6 
[54]. This deposition of the agglomerates is highly affected by the composition of the 
crude oils, temperature and introduction of other components which may include 
crude or condensate into the crude oil blends.  
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Fig.  2.6 Schematic of asphaltenes flocculation mechanism due to titration with n-
pentane 
Deposit formation on heat transfer surfaces during petroleum processing is a well-
documented problem and asphaltene is held as the main precursors of this type of 
fouling [31]. However there is still not much data on the mechanism on asphaltene 
fouling of heat transfer units. This is generally attributed to the complexity of crude 
oil mixtures, which makes it difficult to account for all the species that contribute to 
fouling. Interest in asphaltene deposition, has been concentrated on the recovery and 
transportation of heavy crude oil where asphaltene precipitation is a major problem.  
Dickakian and Seay [54] studied the effect of asphaltene on thermal fouling and 
they were able to characterize the deposits formed on the heated surfaces at various 
time intervals. From these studies they showed that the deposits were initially 
asphaltene precipitates which were then carbonized on the surface into an infusible 
coke. From the study, Epstein [21] proposed mechanisms based on the incompatibility 
between asphaltene and components of the crude oil as the basis of foulant generation 
in the bulk solution. The mechanisms were then also proposed and verified by 
Lambourn and Durrieu [31] based on their study using laboratory and field data. The 
mechanism proposed by Dickakian and Seay [54] involves the following steps: 
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1. Incompatibility between asphaltene and rest of the crude oil  
2. Adherence of precipitated asphaltene to heat transfer surfaces  
3. Coking of asphaltene on the surfaces.  
The asphaltene forms the highest thermal reactivity fraction of a crude oil [55]. 
While soluble, asphaltene reacts to form lower molecular weight products but when 
insoluble the major thermal reaction product is coke.  
2.3.1. Trace elements in asphaltene 
Inorganic elements especially trace metals in crude are believed to be 
concentrated in the asphaltene fraction [56, 57]. Asphaltenes and resins may contain 
up to 100% of the trace element content of crude oil [58]. Despite being present in 
crude oil at low concentration, metals often have detrimental consequences in refinery 
processes. Among the most infamous consequences are corrosion of the refinery 
process plant and catalyst poisoning during the cracking or any catalytic conversion 
process. These metals are thought to contribute to fouling problems, but research in 
this area is still lacking. 
A literature review by Jones [23] on the occurrence of trace metals and other 
elements in crude oils concluded that nickel and vanadium are the only metallic 
elements present at levels which significantly exceed the order of 1ppm. These two 
elements have been studied extensively because of the presence of Ni and V 
porphyrins, which are believed to originate from chlorophyll (or haemoglobin), hence 
indicating a biogenic origin of petroleum [59]. However nonporphyrins Ni and V may 
be present in the asphaltic component of crude oils. According to Yen [60], the 
metallic compounds in crude oil can be classified into five different categories: 
i) Metallo-porphyrin chelates (vanadyl and nickel porphyrins, chlorophyll and 
other hydroporphins)  
ii) Transition metal complexes of mixed ligands (nonporphyrins) such as 
vanadium, nickel, chromium and iron  
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iii) Organo-metallic compounds such as mercury, antimony and arsenic  
iv) Carboxylic acid salts of polar functional groups of resins, e.g. molybdenum  
v) Colloidal minerals such as sodium chloride and silica.  
Amongst these compounds, (i) the metalloporphyrins and (ii) non-
metalloporphyrins are the two most important classes. These porphyrins are fully 
characterized and separation is possible via chromatography [56]. They decompose if 
subjected to thermal treatment or exposed to a mixture of reactive gases such as H2 
and H2S.   
Considerable research has been dedicated to asphaltene precipitation and its 
control, but not much attention has been given towards the understanding of the effect 
of metal ions on asphaltene precipitation. Nalwaya et al. [61] fractionated asphaltene 
into different polarity classes and observed that metal elements especially Fe, Ni and 
V concentrated in the most polar fraction of asphaltene.  This in turn, determines the 
degree of difficulty of asphaltene dissolution in the solvent used (methylene chloride), 
in which a lower rate of dissolution was observed for the more polar fraction. It was 
also demonstrated that the presence of metal elements, especially iron, nickel and 
vanadium primarily determine the asphaltene polarity. The levels of these metals were 
significantly higher in the most polar fractions. The addition of ferric ions in the crude 
oil increased asphaltene yield during fractionation, suggesting that an increase in 
metal concentration in the solution will further promote asphaltene precipitation. 
Kaminski et al [62]
 
performed similar fractionation analysis and mixed the heaviest 
fraction with a salt of EDTA in an attempt to remove metals from the asphaltene via 
chelation. The dissolution rate of asphaltene increased significantly, suggesting that 
metal content has a direct effect on asphaltene dissolution. It should be noted that very 
little of the Ni and V was removed via chelation despite the presence of these 
elements in the original asphaltene fraction. Unlike Ni and V larger amounts of Fe 
and Al could be removed. This can be attributed to the tightly bound nature of Ni and 
V metals incorporated in porphyrins molecules (Figure 2.7) [63]. Fe and Al, which are 
usually introduced into the crude oil at later stages during processing, may be 
associated with the asphaltene in a different manner.  
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Fig.  2.7 Different type of petroporphyrins;  (a) ETIO, (b) DPEP and (c) Benzo [63]  
2.3.2. Flocculation and precipitation of asphaltene 
Dickakian et al. [54]suggested that the predominant mechanism for pre-heat train 
fouling is asphaltene incompatibility with crude oil. This incompatibility initiates 
precipitation of some asphaltene in the crude oil as has been discussed in previous 
subchapter. To recap, the major factors governing precipitation of asphaltene appear 
to be alterations in the crude composition as a result of crude-blending, fluid injection 
and changes in pressure and temperature [64]. Blending of crude oils can lead to 
either immediate or non-instantaneous asphaltene flocculation. Immediate asphaltene 
destabilization leads to high fouling possibility while, non-instantaneous asphaltene 
flocculation may gives minimal fouling potential. Wiehe et al. [65] has demonstrated 
how incompatibility of certain crudes can be determined and predicted based on 
asphaltene solubility in heptane/toluene mixture. Two parameters can be defined to 
characterize a crude blend, namely Insolubility Number, IN and Solubility Blending 
Number, SBN. IN represents the percentage of toluene in the hexane/toluene mixture 
that is required to prevent asphaltene precipitation. SBN is defined as in equation 2.5.  
 𝑆𝐵𝑁 = 𝐼𝑁   1 +  
100
𝐻𝐷
         (2.5) 
The parameter HD represents the ratio of crude oil to n-heptane volume required 
for precipitation to occur. For crude oils compatibility, the Solubility Blending 
(a) (b) (c) 
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Number of the blends, SBN,mix must be higher than the largest Insolubility Number, IN 
of any of the crude oil composition. It should be emphasized that the order of 
blending is critical to the compatibility of the blend.  
Stark et al. [66] measured the stability of asphaltene in crude oil via an Asphaltene 
Stability Index (ASI) test which determine the onset of flocculation via heptane 
titration system. The index corresponds to the onset of asphaltene flocculation and 
determined by laser transmittance detection techniques. Oils with high fouling 
potential have been found to have ASI values 0 to 1, those with low fouling potential 
has an ASI values of > 2.5. Crude oil blends are compatible if the ASI of the blend is 
higher than that of individual crude 
The behavior of asphaltene in solvent can also be characterized by the solubility 
parameters of the asphaltene. The solubility parameter first proposed by Hildebrand 
[67] and is valid only for the class of solution known as regular solutions. These are 
solutions in which there are no specific interactions and are characterized by random 
orientation and distribution of molecules. These solutions are often highly polar. For 
such solution the solubility is controlled by their cohesive energy density or their 
energy of vaporization per unit volume.  
The solubility parameter is defined as shown in the equation below and also 
presented by Wiehe [68]: 
𝛿 =   
∆𝑈𝑉
𝑉
 
1/2
=   
∆𝐻𝑉− 𝑅𝑇
𝑉
 
1/2
      (2.6) 
where 
∆𝑈𝑉  is the internal energy of vaporization (kJ/mol) 
∆𝐻 is the enthalpy (kJ/mol) 
𝑉 is the molar volume (m3/mol) 
The equation has been applied to show which the solvents that are capable of 
dissolving asphaltene are those with high energy of solution enough to overcome the 
association forces of the asphaltene micelle. Thus the solubility parameter can be used 
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to predict the action of particular solvents on asphaltene or the asphaltene behavior in 
such solvents. 
Mitchell and Speight [69] showed that the amount of asphaltene that precipitates 
upon the addition of a solvent varies linearly as the solubility parameter of the 
solvent. Solvents with δ value greater than 8.5 (cal/cm3)1/2 essentially dissolve all 
asphaltene, whereas pentane with a δ value of 7.0 (cal/cm3)1/2 precipitates the 
asphaltene. Table 2.2 below gives the values of solubility parameters for some 
common fluids. Yarranton and Masliyah [70] modeled asphaltene solubility using 
molar volume and solubility parameters that have been extensively used by 
researchers for modeling asphaltene precipitation in crude oil production [22, 71, 72].   
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Table 2.2 Dependence of asphaltene precipitates on solvent type [69]  
Solvent type Solubility parameters 
(cal/cm3)
1/2
 
Asphaltene precipitate  
(wt. %) 
Pentane 7.0 16.9 
Hexane 7.3 13.4 
Heptane 7.5 11.4 
Decane 7.7 9.0 
Iso-pentane 6.8 17.6 
Iso-heptane 7.2 15.3 
Cyclopentane 8.2 1.0 
Cyclohexane 8.2 0.7 
Benzene 9.2 0.0 
Toluene 8.9 0.0 
Xylene 8.8 0.0 
Ethylbenzene 8.8 0.0 
Isobutylbenzene 8.4 0.0 
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2.4. True Boiling Point 
True boiling point, TBP is a laboratory scale physical distillation method which is 
routinely used by petroleum refineries for determining the boiling ranges of crude oils 
and their products. The TBP unit is as shown in Plate 2.1. The method used for TBP 
physical analysis is suitable for samples with a wide boiling range such as crude 
petroleum up to a final cut temperature of 400 °C (752 °F) atmospheric equivalent 
temperature (AET). The method can also be applied to any petroleum mixtures except 
liquefied petroleum gases, very light naphthas, and fractions having initial boiling 
points (IBPs) above 400 °C.  
This test method uses a fractionating column having an efficiency of 14 – 18 
theoretical plates operated at a reflux ratio for the production of liquefied gas, 
distillate fractions, and residuum. The method provides for the determination of yields 
of material as both mass and volume. A graph of temperature versus mass-percent 
distilled can be produced, and this distillation curve corresponds to a laboratory 
technique which is for distillation of heavy hydrocarbon mixtures such as heavy crude 
oils, petroleum distillates, residues, and synthetic mixtures with initial boiling point, 
IBPs greater than 150 °C.  
This method provides for the determination of standard distillation curves to the 
highest AET possible by conventional distillation. The maximum achievable 
temperature up to 565 °C (1050 °F) AET is dependent upon the heat tolerance of the 
charge 
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Plate 2.1 The conventional TBP unit  
The downfall of this equipment is that the analysis uses high volume of samples, 
having a minimum of 6 liters, depending on the size of the TBP unit. The TBP is also 
a time consuming analysis with tedious operating procedures which is a disadvantage 
for the users especially the refiners.  However, the option is now opened to the 
academics and industries as high temperature gas chromatography, is now used to 
characterize petroleum fractions and crude oil which have a wide range of boiling 
point distribution and to simulate the distillation curve of a crude oil. It has been 
around for more than two decades and it is a well-established technique used. In 
conventional simulated distillation the system used contains a temperature 
programmable inlet, a column and a flame ionization detector. The simulated 
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distillation is widely used as the substitute to the TBP analysis as it is fast, reliable 
and uses a much smaller sample size.  
2.5. Mitigation of fouling in the crude oil processing 
The enormous costs associated with fouling and the pressures on the chemical 
processing industry to maximize earnings have called for effective fouling mitigation 
in process equipment. According to Sprague [73], chemical additives have been used 
to control fouling in refinery since the 1950s. Mitigation of crude oil fouling has 
traditionally involved three stages: 
i. Characterization of fouling deposits and process feed streams to identify 
fouling precursors  
ii. Proposition of a reasonable fouling mechanism to account for the fouling 
process  
iii. Application of physical or chemical methods to minimize or eliminate the 
fouling problem.  
As discussed earlier in this chapter, the pre-heat train consists of exchangers both 
upstream and downstream of desalter. The crude oils‟ temperature ranges from 130°C 
and 250 to 290°C for upstream and downstream heat exchangers of the desalter. 
Further downstream from the desalter, the hotter the crude oils are. Fouling in heat 
exchangers upstream of desalter is usually caused by salt in the crude oil [31] because 
salts do form scale at high temperature, depending on the type of salts. The scaling 
problem is usually eliminated by physical methods including water injection. These 
salts dissolve in the water and are separated out from the crude oil at the desalter. 
Heat exchangers immediately after desalter usually foul when remnants of salts like 
calcium carbonate and magnesium bicarbonate precipitate on the hot surfaces. This 
problem can be solved by further desalting and water injection. Surfactants can also 
be added to the stream to break up the deposits or prevent their attachment to the heat 
exchanger surfaces.  
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The downstream of the desalter, heat exchangers suffer from organic fouling, 
which usually involves asphaltenes, and are commonly treated with chemicals known 
as antifoulants. The general function of antifoulant is to stop the physical or chemical 
processes leading to foulant formation, or where the foulants are already present to 
prevent their attachment to the hot surface. Antifoulants come in various forms and 
under various names. Sprague [73] classified antifoulants used in the oil processing 
industry as follows:  
i. Surface active agent  
ii. Coke suppressants and  
iii. Antipolymerants and antioxidants.  
The effectiveness of antifoulants is situation specific. Wilson et al. [74] has shown 
that the use of antioxidant 2, 6, di-butyl-4-methylphenol (BMP) extended the 
induction periods of autoxidation fouling by indene; however it did not affect the 
fouling characteristics after the induction period. The action of BMP depended on its 
concentration and the temperature conditions. At higher concentrations of BMP, the 
antioxidant was found to interact with the indene to form oxidation product 
indene/BMP, while at temperatures beyond it‟s „ceiling temperature‟ the antioxidant‟s 
effectiveness was drastically reduced. These findings confirmed the fact that 
antioxidants act effectively under specific process conditions, and hence test trials to 
ascertain operating conditions of concentration and temperature are necessary for 
effective antioxidant action. Antifoulants are usually added at upstream of the desalter 
heat exchangers or process equipment with fouling problems. Where fouling is most 
severe, additional injection is made to the individual passes.  
While physical methods of fouling mitigation include the use of „displaced‟ 
devices, mechanical means of fluid or deposit agitation and control of operating 
conditions.  „Displaced‟ enhancement devices are placed in the process streams and 
help to increase turbulence leading to a mixing of the fluid at the wall and that in the 
bulk. The vibrations and increased turbulence brought about by these devices lead to 
heat transfer enhancement and fouling reduction by increasing the convective heat 
transfer coefficient at the wall and reducing of fouling deposits. These devices include 
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the „Hi-Tran‟ radial mixing element [75], the „Spinelf‟ system [76] and the „Turbotal‟ 
system [77]. The use of mechanical aids of fluid or deposit agitation to mitigate 
fouling is commonplace in the process industry. These methods include surface 
scrapping, mechanical stirring and the use of rotating surfaces [78] which help to 
reduce fouling and remove deposits.  
Having that said, there is still no evidence for a single solution that able to solve 
all fouling problems at the moment. A combination of both physical and chemical 
methods is usually necessary for effective control of fouling. However, monitoring 
and assessment of the performance are crucial in achieving a cost effective mitigation 
program. 
2.6. Summary 
In this chapter, a review on the fouling problem of heat exchangers in refining plant 
has been discussed. The review includes the general overview of fouling process 
which comprises of the principle of fouling, possible mechanism and the effects of 
few factors including crude oil composition and blending, changing operating 
conditions and surface temperature. The discussion is important to understand the 
fouling process to have occurred based on the fouling deposit characteristic. Besides 
that, an introduction on petroleum wax was briefly discussed together with a more in-
depth review on the asphaltene as one of crude oil major components.  
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CHAPTER 3 
EXPERIMENTAL 
3.1. Introduction 
In this study, characterization of fouling deposits was conducted as suggested by 
Whan et al [79]. The analyses include total organic carbon, loss of ignition, elemental 
analysis, etc. As for the Malaysian crude oils and their blends, the characterization 
was conducted using established ASTM, IP and UOP methods. Two in-house 
methods were developed for asphaltene precipitation and flocculation studies and are 
also well documented. Overall, this chapter contains a discussion on the important 
elements involved in the experimental work which include sample preparations, 
experimental procedures and methodology.   
3.2. Foulant Sampling and Characterization 
Fouling deposits contain a lot of information about the fouling process. The deposits 
characterization begins with a proper sampling technique. The heat exchangers were 
purged with nitrogen to preserve the freshness of the fouling deposit, compares to the 
norm using steam purge. The samples collected from a local refinery were stored in 
stainless steel containers and sealed properly and every effort was made to avoid 
contamination and ambiguity. The samples were characterized as indicated in Table 
3.1 based on the prioritized characterization methods suggested by Whan et al [79]. 
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Table 3.1 Fouling deposit characterization techniques 
No Technique Min. wt Information obtained 
1 Total organic carbon (TOC) ~ 200 mg Organic and inorganic 
carbon content 
2 Loss of ignition (LOI) ~ 3 g Volatile and non-volatile 
component 
3 Thermogravimetric analysis (TGA) ~ 10 mg Volatile compound, fixed 
carbon and ash content 
4 CHNS elemental analyzer ~ 2 mg Elemental content 
5 Atomic absorption spectroscopy (AAS) ~ 10 g Metal content 
6 Scanning Electron Microscopy (SEM) ~ 1 mg Images the sample surface 
3.2.1. Total Organic Carbon (TOC) 
In the deposit, there are three basic forms of carbon; elemental carbon, inorganic 
carbon and organic carbon. The loss of organic carbon content in the samples may 
occur in the sample during storage due to microbial degradation, oxidation and also 
volatilization [80]. The microbial degradation can be reduced by storing the samples 
in the chiller at the temperature 4°C. These losses are generally very small, probably 
less than 1% of the TOC content in the samples. Generally, TOC is as stated below:  
Total carbon (TC) = Total inorganic carbon (TIC) + Total organic carbon (TOC) 
A wet chemistry digestion technique was conducted prior to TOC analysis using 
digestion with strong acid. In this case, 5% of hydrochloric acid (HCl) was used and 
the procedure was carried out in a well-ventilated fume hood. The samples were then 
left for about 25 minutes for the inorganic carbon to react with HCl to produce CO2 
and water as byproduct.  
A Shimadzu SSM-5000 TOC analyzer was used in this experiment. The 
equipment is capable of determining both TIC and TOC as low as 0.1mg of carbon. 
The TOC analysis is catalytically aided combustion method which makes use of a 
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high temperature, dry combustion technique which detects the total evolution of CO2 
as a result of combustion. This destructive method is usually performed at elevated 
temperature from 500 to 1000°C. All carbon forms in the sample are converted to 
CO2 which is then measured directly or indirectly by a non-dispersive infrared 
detector (NDIR) and converted to total organic carbon or total carbon content, based 
on the presence of inorganic carbonates.  The signal is then integrated by a processor, 
producing the data in percentage of carbon present.  
3.2.2. Loss on Ignition (LOI) 
The loss on ignition (LOI) is a semi-quantitative analysis for the determination of 
organic matter. A known weight of sample was placed in a tarred ceramic crucible 
which is heated to 440°C for over two hours, cooled in a desiccator for an hour and 
weighed. Organic matter content is calculated as the percentage of the difference 
between the initial and final sample weights. The temperature of 440°C was chosen in 
order to avoid the destruction of inorganic carbonates or carbon which will be 
detected when combusted at 775°C. The analysis for inorganic carbon/carbonate 
follows a similar technique to that of ashing procedure in Section 3.3.4. 
3.2.3. Thermal Gravimetric Analysis (TGA) 
The TGA is an analytical technique that measures the weight loss (or weight gain) of 
a material as a function of temperature. As materials are heated, it can lose weight 
from a simple process such as drying or from chemical reactions that liberate gasses 
such as reduction and desorption or maybe decomposition of the material. The weight 
gain is usually caused by material‟s reaction with the atmosphere in the testing 
environment, i.e. oxidation and absorption.  
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Plate 3.1 The example of TGA furnace 
For this analysis, a Mettler Toledo DSC-TGA equipped with HPDSC 827e 
component which is capable of rapid cooling and very stable at high temperature was 
used. The sample was heated from 35°C to 900°C with a ramping of 10.0 °C/min. 
Oxygen was supplied to the unit at the flow rate of 5.0 ml/min. Plate 3.1 shows the 
TGA furnace of the unit. The data were converted into a graphical form from the 
TGA signal. The actual weight loss or gain was converted to percent and was plotted 
on the Y-axis versus the sample temperature in degree Celsius, °C on the X-axis. A 
derivation of the weight loss against time (𝛿𝑤 𝛿𝑡  ) was also plotted to understand the 
weight loss behavior in the sample at certain temperature.  
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3.2.4. Elemental Analysis using CHNS Analyzer 
For the elemental analysis, a LECO-932 model CHNS analyzer (Plate 3.2) from 
LECO Instruments was used. The equipment is equipped with touch-screen DOS-
based software for an easy measurement of total nitrogen, carbon, hydrogen and 
sulfur present in the sample. For the CHNS analysis, wet sample preparation was 
conducted for the foulant samples. The deposit was weighed into tin capsule which 
was filled with sorbit; a material to absorb any moisture or liquid so that the 
components are not vaporized to the air. This preparation is important prior to 
combustion in the reactor at 1000°C. A sample weight of 2.0 mg with an accuracy of 
0.001 mg using Perkin-Elmer AD-4 Auto-balance was used for CHNS analysis. 
 
Plate 3.2 CHNS elemental analyzer 
In the reactor, both sample and tin container melted and the tin promoted a violent 
reaction of flash combustion in a temporary enriched oxygen atmosphere. The 
combustion products, CO2, SO2 and NO2 were carried by a constant flow of carrier 
gas (helium) that passes through a glass column packed with an oxidation catalyst of 
tungsten trioxide (WO3) and a copper reducer, both maintained at 1000°C. At this 
temperature, the nitrogen oxide is reduced to N2. The N2, CO2 and SO2 were then 
transported by the helium to, and separated by a packed column and quantified with a 
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GENESIS Elemental detector. The chromatographic responses are calibrated against 
pre-analyzed standard, sulfamethazine which containing 5.07% of H2, 20.13% of N2, 
51.78% of carbon and 11.52% of sulfur. The elemental content of fouling deposits 
was reported in weight percent, wt. %. 
3.2.5. Field Emission Scanning Electron Microscopy coupled with Energy 
Dispersive X-ray (FeSEM-EDX) 
Field Emission Scanning Electron Microscopy (FeSEM) is a high resolution imaging 
technique providing topographical and structural information in plain view or in 
cross-section. Energy Dispersive X-Ray Spectroscopy (EDX) is used to qualitatively 
and quantitatively analyze the elements present in a selected area of the SEM image. 
A Hitachi S-4500 SEM equipped with field emission was used for the analysis where 
the unit is capable of scanning in few different modes including split screen, spot 
position and etc. With Orion-6 software, the equipment is capable of capturing a 
picture with higher magnification of up to 500K times.  
In this analysis, there is no sample prep is required as the live solid sample was 
placed on the slide and ready to be analyzed. However, high skill operator is required 
to operate such a powerful tool and every safety precaution should be practiced.  
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3.3. Crude Oil Characterization 
Crude oil chemistry plays profound roles in crude preheat train fouling [81]. A list 
of recommended crude oil characterization techniques and the standard methods are 
tabulated in Table 3.2. It tabulates the common physical and chemical properties of 
typical crude oil characterization techniques. All the techniques used are standardized 
by ASTM, UOP or certain industrially developed methods. These standard methods 
follow an established protocol, validity, standardized units of measurements and 
reporting. 
Table 3.2 Crude oil characterization techniques 
Type of Property Property Method Units 
Physical Property Density D 4052 kg/L 
 Reid Vapor Pressure D 323 kPa 
 Basic Sediment and Water D 4007 vol. % 
 Viscosity D 445 cst 
 Pour Point D 97 °C 
Chemical Property Total Sulfur D 4294 wt. % 
 Total Nitrogen D 4629 ppm 
 Ash Content D 482 wt. % 
 Asphaltene Content D 3279 wt. % 
 Wax Content UOP 46 wt. % 
 SARA Fractionation In-house  % 
 Elements (Na, Mg, K, Ca, Si, P) by 
AAS 
D 5708 ppm 
The listed techniques cover most of the properties known to contribute to fouling 
in crude preheat train. For example, certain metals, carbides, oxides and sulfides of V, 
Fe and Ni are active catalyst for crude oil fouling [38]. Salts of the alkali metal and 
alkaline earth metal elements also contribute to the crystallization fouling mechanism, 
especially the inverse solubility salts in the heat exchangers prior to the desalter. 
Crude oil is categorized using SARA (Saturates, Aromatics, Resins and 
Asphaltenes) solubility fractions to simplify the overwhelming complexity.  These 
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four variables often correlated with crude oil fouling tendency. The Colloidal 
Instability Index (CII) is calculated with weight fractions of SARA components as 
given in Equation 3.1 below: 
𝐶𝐼𝐼 =
𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑠 +𝐴𝑠𝑝𝑕𝑎𝑙𝑡𝑒𝑛𝑒𝑠
𝑅𝑒𝑠𝑖𝑛𝑠 +𝐴𝑟𝑜𝑚𝑎𝑡𝑖𝑐𝑠
             (3.1) 
Bennett et al [29] and Asomaning et al [82] suggest that CII represents micelle 
stability. Those crude oils with CII value greater than two are typically heavy foulers. 
Of the SARA fractions, the heteroatoms (N, O and S) are primarily associated with 
the resin and asphaltene.  
The Watson K-factor combines the specific gravity with the atmospheric pressure 
boiling point, as shown in Equation 3.2. Simulated distillation can be used to estimate 
the distillation curves based on boiling point of crude oils. Boiling curves are 
indispensable to both refineries and researchers because the boiling point promotes 
the solubility or insolubility of all non-hydrocarbon species, thereby greatly dictating 
fouling. For example sodium ionic salt, the solubility in the crude oil will decrease 
with increase in temperature, and precipitate out on the metal surface as scales. Ionic 
salts like Ca and Mg on the other follow a reverse trend in that of Na.   
𝐾 =
𝑇𝐵𝑜𝑖𝑙
1/3
 
𝑆𝐺
             (3.2) 
3.3.1. Density of Crude Oil using Digital Density Analyzer 
This  test method is used in the determination of density or relative density of crude 
oils that can be handled in a normal fashion as liquids at test temperatures between 
15°C and 35°C, accordingly to ASTM D5002 [83]. The method can be applied to 
crude oils with high vapor pressures provided appropriate precautions to prevent 
vapor loss during transfer of the sample to the density analyzer is observed. This test 
method is applicable for crude oils measurement between the range of 0.75 to 0.95 
g/ml while for waxy crude, determination of density can be conducted using 
pyknometer at the temperature of 298.15K [84].  
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The digital Portable Density Analyzer (DA-130N KEM) consists of a U-shaped 
and oscillating sample tube together with a system for electronic excitation, frequency 
counting and display was used. The plunger part of the portable density analyzer was 
immersed in the crude oil sample and 0.7 ± 0.05ml sample was sucked into the clean, 
dry, sample tube of the instrument. Absence of visible bubbles and homogeneity of 
the sample during density measurement is essential for accuracy. Since density 
changes with temperature, accurate temperature measurement to 1 decimal place is 
required. For dark or opaque sample visible detection of bubbles is difficult. The 
presence of bubbles introduces fluctuation of density readings. These bubbles if 
present can be removed by gently tapping the sample tube. Density measurements 
must be done after the test sample has equilibrated to test temperature. Repeated 
density measurements are made at different test temperatures and converted to 15
o
C 
using Petroleum Measurement Tables [85]. The average of 3 readings is reported. API 
gravity can be calculated from density data or specific gravity (SG) at 15
o
C.  
3.3.2. Boiling Point Distribution of Crude Oils using High Temperature Gas 
Chromatography (Simulated Distillation) 
Simulated Distillation is a gas chromatographic technique developed in accordance to 
ASTM D7169 [15]. The equipment comes with a flame ionization detector (FID) 
which is used as a transducer that converts electrical signal to mass quantity via a data 
acquisition system. For the present study, an Agilent 7890A high temperature gas 
chromatography (HTGC) operating with ChemStation software which is equipped 
with ALS interface module and binary-coded decimal input for stream selection was 
used (Plate 3.3). The equipment is calibrated using a paraffin calibration mixture 
which measures retention time versus boiling point via a distribution curve. The 
calibration mixture contains a distribution of carbon number from C5 to C120. It 
incorporates internal standards comprising of light n-paraffins n-C5-18, n-C20, n-C24 
and n-C28 and heavy n-paraffin n-C30-120 with the concentration of 0.01 and 0.005 mol 
respectively. The curve obtained provides information on potential mass percent yield 
of products.  
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Prior to injection, a 2.0 wt % sample is diluted in carbon disulfide, CS2 (Merck, 
spectroscopic grade). High purity CS2 is necessary as a solvent because of its 
miscibility with residues, low boiling point and low response factor component to 
FID. The injection volume is 0.2 μL. The column used for analysis is a steel clad 
capillary column PDMS 5m length, 0.53mm internal diameter (ID), 0.15μm film 
thickness (by Agilent). The gas chromatography (GC) oven was programmed from -
20°C to 430 °C with a heating rate of 15°C/min as shown in Table 3.3.  
 
Plate 3.3 Simulated distillation Agilent 7890A HTGC unit 
A baseline compensation analysis is necessary to reduce or eliminate 
chromatographic baseline instability due to the extreme temperature conditions which 
can cause column bleed. The blank analysis was performed periodically between 
sample measurements because the baseline varies slightly from sample to sample. 
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Table 3.3 Operating conditions for the SIMDIS analysis by gas chromatography 
Carrier gas 
Name 
Flowrate (ml/min) 
 
Helium 
18 
Column 
Initial temperature (°C) 
Final temperature (°C) 
Programming rate (°C/min) 
 
- 20 
430 
15 
Detector 
Type 
Temperature (°C) 
Gases, Hydrogen (ml/min) 
            Air (ml/min) 
            Make-up, N2, He (ml/min) 
 
FID 
430 
40 
540 
15 
Injector 
Type 
Initial temperature (°C) 
Final temperature (°C) 
 
PTV 
60 
430 
Sample 
Size (μL) 
Concentration mass (%) 
 
0.2 
2 
3.3.2.1. Correlation Study between SIMDIS and True Boiling Point (TBP) 
A correlation study was conducted between SIMDIS distribution curve and a TBP 
curve for similar crude oils data obtained from a local refinery. The deviation between 
the two methods was then calculated by the differences of the carbon distribution of 
each fraction. This is to correlate SIMDIS to the existing time consuming and tedious 
True Boiling Point (TBP) method. The study is to determine the heavier fractions of a 
crude oil to relate with its fouling tendency.  
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3.3.3. Pour Point of Petroleum 
ASTM D97 [86] was used to determine the pour point of petroleum crude oils and 
products. This method is also for both transparent and opaque, cylinder stock and 
non-distillate fuel oils. It is a procedure for testing the fluidity of a residual fuel oil at 
a specified temperature. 
Crude sample is poured into the test jar to the level mark as described by the 
ASTM D97 [87]. Pour points are expressed in integers that are positive or negative 
multiples of 3°C. The testing of the sample for pour point was examined when the 
temperature of the sample is 9°C above the expected pour point (estimated as a 
multiple of 3°C). At every multiple of 3°C below the starting temperature test jar was 
removed from the jacket and tilted just enough to ascertain whether there is a 
movement of the sample in the test jar. Test measurement is carried out until no 
movement is observed when the jar is tilted in a horizontal position for 5s. The 
observed reading of the test thermometer is recorded. 
3.3.4. Ash from Petroleum Product 
This test method is carried out as per ASTM D482 [86]. The method covers the 
determination of ash in the range 0.001 – 0.180 mass %, from distillate and residual 
fuels, gas turbine fuels, crude oils, lubricating oils, waxes and other petroleum 
products, in which any ash-forming materials present are normally considered to be 
undesirable impurities or contaminants. The analysis is conducted by heating the 
empty crucible at 700 to 800°C for a minimum of 10 min and cooled to room 
temperature in desiccators without desiccant for an hour and weighed to the nearest 
0.1 mg. 
 A 100 g of thoroughly mixed homogeneous weighed sample is placed in a 
porcelain crucible and burned using a Bunsen burner. The burning is done in such a 
way that no spillage, splattering or foaming is encountered by the sample while 
burning. The burning is continued until the flame ceases completely. The sample was 
then heated in the muffle furnace at 775 ± 25°C until all carbonaceous material has 
disappeared. The crucible then cooled to room temperature in a desiccator without 
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desiccant for an hour and weighed to the nearest 0.1mg. Heating in the muffle furnace 
is repeated until 3 consecutive weightings differ by not more than 0.5 mg and the 
weight was recorded as weight percent, wt% to the initial sample weight.  
3.3.5. Water in Crude Oil using Distillation Method 
ASTM D4006 [88] is used to determine the water content for crude oil. The 
distillation apparatus used is shown in Figure 3.1 and consisting of a glass distillation 
flask, a condenser, a graduated glass trap and a heater. All connections are vapor and 
liquid-tight. It is recommended that glass joints not to be greased and a drying tube 
was inserted into the end of the condenser to prevent condensation of atmospheric 
moisture inside the condenser and also to trap any boiled off solvent from escaping to 
the environment. Proper chemical cleaning with mild acid will remove surface films 
and debris which hinder free drainage of water in the test apparatus. 
The analysis was conducted on a volume basis where 100 ml of xylene and 100 
ml of crude oil sample was used for each run. A magnetic stirrer was used to 
effectively reduce bumping and the heat was applied slowly during the initial stage 
for approximately half an hour to prevent the possible water loss from the system. The 
heat was increased until the water discharge into the trap at approximately 2 to 5 
drops per second. The distillation was continued until no further increase in water 
content was observed. A gentle tapping of the trap will deposit any water sticking 
above the trap. The reporting of this method is based on volume percentage, vol. % 
estimated to the nearest 0.025 % in accordance to the graduation of the trap. 
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Fig.  3.1 Assemble of the water content apparatus  
The water content was calculated in the sample as follows in Equation 3.3. 
𝑉𝑜𝑙𝑢𝑚𝑒, % =
 𝐴−𝐵 𝑥  100%
𝐶
      (3.3)                         
where 
  A is the volume, ml of water in trap 
 B is the volume, ml of solvent blank 
 C is the volume, ml of test sample 
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3.3.6. Sulfur in Petroleum by Dispersive X-ray Fluorescence Spectrometry 
(XRF) 
Knowledge of sulfur concentration in crude oils is essential for processing purposes. 
Determination using dispersive x-ray fluorescence spectrometry (XRF) is a fast and 
precise measurement of total sulfur in petroleum products with a very minimum 
sample preparation as described in ASTM D4294 [89]. A typical analysis time is 2 to 
4 minutes per sample. This test method provides a mean of compliance with 
specifications or limits set by regulations for sulfur content of petroleum products. 
The determination of element in XRF is based on energy wavelength of x-ray 
emitted by a particular element. The chronology of occurrence starts when an electron 
is ejected from its atomic orbital by the absorption of a light wave (photon) of 
sufficient energy in the XRF, as illustrated in Figure 3.2. The energy of the photon 
(hυ) here must be greater than the energy in which the electron is bound to the nucleus 
of the atom for the electron emission to occur. When an inner electron is ejected, an 
electron from a higher energy level orbital will transfer into the vacant lower energy 
orbital. During this transition a photon may be emitted from the atom. The energy of 
the emitted photon will be equal to the difference in energies between the two orbital 
occupied by the electron making the transition. Due to the fact that the energy 
difference between two specific orbital shells in a given element is always the same, 
the photon emitted when an electron moves between these two levels will always 
have the same energy.  
Therefore, by determining the energy (wavelength) of the x-ray light emitted by a 
particular element, it is possible to determine the identity of the element. Although X-
radiation penetrates only a short distance into the sample, the sample cell was filled 
with sample above the minimum depth to make sure the sample scattered evenly in 
the cell with an adequate head space and a vent hole. This was to prevent possible 
bowing of the X-ray film during measurement of samples. For the present study 
Phillips HS PW2400 XRF spectrophotometer equipped with SuperQ software, 
capable of sequential analysis was used. 
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Fig.  3.2 Ejection of an electron from its atomic orbital 
3.3.7. Shell In-house Method for Solvent De-waxing (Wax Content) 
This method was initially designed by Shell to cater the determination of wax content 
in large amount of sample by removing the wax or de-waxing. It was conducted by 
adding 3 parts of methyl iso-butyl ketone (MIBK) to 100 g of crude sample in a 500 
ml sample container. The bottle was then properly sealed and a thermometer was 
inserted into the bottle through a hole in the elastic rubber stopper. The sample is then 
chilled in a bath pre-set at - 30°C and was shaken vigorously for every 30 seconds 
until it reached the temperature of 0°C. 
56 
 
The sample was continuously shaken for every 5 minutes in stages until it reaches 
-10°C. From -10°C downwards the shaking step was repeated for every 10 minutes to 
- 21°C.  The chilled sample at - 21°C was then filtered through a filter funnel kept at - 
25°C for at least 15 minutes or until no solution dropping is observed. The precipitate 
containing the filtered wax was stripped of the filtrate solvent by flowing N2 at 110°C. 
It was conducted for at least 45 minutes to ensure the complete separation of MIBK 
solvent from the filtered wax. Please refer to the de-waxing worksheet as attached in 
Appendix 1A for the calculation of the wax content for crude oil. 
3.3.8. Elemental Analysis by Atomic Absorption Spectroscopy (AAS) 
For the determination of metal content in both crude oils and fouling deposits, atomic 
absorption spectroscopy (AAS) was used in accordance to regular practice in oil and 
gas industry. For the present study, a Hitachi model Z-8200 Zeeman AAS was used 
and the picture is shown in Plate 3.4. The metal content for calcium, magnesium, iron, 
lead was determined using flame AAS (FAAS) and for the other metals like 
vanadium, silica and aluminum by Graphite Furnace AAS (GFAAS)  
GFAAS is a high temperature method and is more applicable for measurement of 
low concentrations of metals < 1ppm. In their elemental forms, metals will absorb 
ultraviolet light when they are excited by heat. Each metal has a characteristic 
wavelength that will be absorbed by the detector. An amount of 1 ± 0.1 ml of sample 
solution was used for every run with 3 duplications.  
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Plate 3.4 A Hitachi Z-8200 Zeeman AAS 
A 20 ± 0.1 g of sample was weighed in tarred silica (Si) or platinum (Pt) crucible 
and slowly burnt under low fire until it ceases to burn. Then it was placed in muffle 
furnace for 2 hours at 550 ± 25°C followed by cooling in desiccator for half an hour 
prior to mixing with 200 ml of de-ionized (DI) water and 5 ml of nitric acid, HNO3, 
(spectroscopy grade) into a borosilicate glass vessel. The solution was then placed on 
hot plate and evaporated to one fifth of the initial volume and transferred to 100 ml 
volumetric flask. It was then topped up to 100 ml with DI water and ready to be 
analyzed by the AAS unit.  A linear calibration for the each element of interest was 
prepared by known weight of the element dissolved in DI water and 5 ml of nitric 
acid. The standards were then aspirated in the FAAS/GFAAS under air and acetylene, 
C2H2 flame using a UV detector with a specific wavelength detectable by the analyte. 
The data obtained from aspirating the standards were recorded. A standard linear 
calibration curve was prepared from these data. The prepared sample was then 
aspirated in the FAAS/GFAAS and compared to the linear calibration curve for 
quantification purposes using Beer Lamberts‟s Equation 3.4.  
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𝐴 = 𝑙𝑜𝑔10 
[𝐼}
{𝐼𝑜 ]
=  𝑐𝑏       (3.4) 
where  
A is Planck's constant.  
I is light intensity 
Io is initial light intensity 
 is constant 
b is length of solution light passes through, cm 
c is concentration of solution, mol dm
-3
 
Atomic absorption uses this relationship to determine the presence of a specific 
element based on absorption in a specific wavelength. For example, calcium absorbs 
light with a wavelength of 422.7 nm and iron absorbs light at 248.3 nm.  
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3.4. Method Development 
3.4.1. Asphaltene Flocculation Study using AFT 
Asphalt, heavy oil or residuum samples are dissolved in toluene at various 
concentrations and titrated with iso-octane or n-heptane at controlled temperatures to 
determine the point of flocculation or asphaltene precipitation. The K-47100 AFT 
model from Koehler Instrument was used to determine the flocculation point and at 
the same time calculate the Heithaus compatibility parameters of the samples using 
AFTCentral v.1.5.0 data acquisition software. The equipment equipped with fiber 
optic spectrometer with multi-band pass detector which allows measurement at a wide 
range of wavelength. These results are intended primarily as a laboratory diagnostic 
tool for estimating the colloidal stability or compatibility of asphalt, crudes and heavy 
oil or residuum.  
The AFT was used in accordance to ASTM D6703 [13] for Automated Heithaus 
Titrimetry. The AFT operates as a closed system with accurately controlled 
temperatures between 25 °C to 100°C as can be referred in Figure 3.3. The 
flocculation point was determined spectroscopically at the wavelength of 740 nm and 
the results were analyzed by the data acquisition system.  
 
60 
 
 
Fig.  3.3 The schematic flow of Automated Flocculation Titrimeter (AFT) 
The spectrophotometer output signal detects the onset of turbidity of the sample 
solution. This flocculation onset point corresponds to the beginning of the 
precipitation of asphaltene from the sample in the solution. Figure 3.4 illustrates a 
typical series of flocculation plots of %Transmittance (T) versus time (t) for three test 
solutions with varried concentration. Values of %T increase with time until a 
maximum value, after which it begin to decrease. The curves in Figure 3.4 exhibit 
maxima at initial point may be due to the following reasons: at the beginning of each 
titration, %T increases due to dilution by the titrant. At the flocculation onset point the 
formation of flocs of asphaltene particles forms blocking the incident light and thus 
cause an immediate decrease in %T due to light scattering effects. The time required 
to reach the maximum in %T from the onset of titration of a sample is defined as the 
flocculation time, 𝑡𝑓 . When the value of 𝑡𝑓  for each sample is multiplied by the titrant 
flow rate, the titrant volume, 𝑉𝑇 , required to cause the onset of flocculation for each 
sample can then be calculated. 
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Fig.  3.4 Onset flocculation peaks measured at three successively increasing 
concentration, using toluene as solvent and iso-octane as titrant [13]  
Method development was conducted to check or determine the flocculation of 
asphaltene using different titrants at different temperature. The test was conducted 
using iso-octane, n-heptane and xylene as titrant at a temperature range of 15°C to 
40°C. The best drop out was found to be at 25°C using iso-octane (2,2,4-trimethyl 
pentane) as titrant and toluene as solvent. 
Sample preparation for the study is important and every attempt had been made to 
achieve highest accuracy of sample weight and volume. For a single sample, three 
weights of 0.800, 1.200 and 1.600 g were placed into 3 different vials respectively 
followed by the addition of 1.0 ml of HPLC-grade toluene using a 2.500 cm
3
 syringe 
to each vial, producing three different sample concentrations. The sample prep was 
conducted for a minimum of 4 hours prior to testing. This four-hour dissolution period 
is a minimum time requirement for complete dissolution of most concentrated 
samples when dissolving at room temperature. Determination of flow rate for sample 
solution circulation and for titrant was conducted prior to the study. It was concluded 
that a sample flow rate of 7.0 ml/min and 0.3 ml/min for titrant flow rate produces 
optimized conditions for the flocculation studies. The standard curves obtained from 
these optimized condition can be referred in Figure 3.5. 
62 
 
 
 
 
Fig.  3.5 Calibration curves for (top) circulation flow rate and (bottom) titrant flow 
rate  
During the earlier stage of this study onset point of asphaltene in the samples 
could not be achieved. This is because the minimum detection limit of the AFT was ± 
0.2 wt% of asphaltene. The samples in this study have less than 0.1 wt% of 
asphaltene. As a result, an indirect method was then applied to predict crude oil 
compatibility which was suggested by Saleh et al [45, 90] using Anderson & 
Pederson equation  (Eq. 3.5) and Wiehe compatibility model using reference heavy oil 
with high content of asphaltene. The solubility values were adapted from ASTM D 
6703, where 𝛿𝑇: 8.93 for toluene (solvent) and 𝛿𝐼𝑂: 6.99 for iso-octane (titrant). The 
flocculation rate and other solubility parameters of the reference oil were pre-
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determined before it is being added to the crude oil sample. For the method 
development, a list of high asphaltene crude oils was used as reference. 
𝛿𝑐𝑟 = ∅𝑂𝛿𝑂 + ∅𝐼𝑂𝛿𝐼𝑂 + ∅𝑇𝛿𝑇  𝑎𝑛𝑑   ∅𝑖 = 1      (3.5) 
The stability of the oil, a criterion set by Wiehe flocculation stability model, 𝛿𝑓  can 
be rewritten as in Equation 3.6, and similarly the oil is stable if the 𝛿𝑜 >  𝛿𝑐𝑟 . For 
stability, the insolubility number which measures degree of insolubility of the 
asphaltene present in the oil must be less than the solubility blending number, 𝑆𝐵𝑁  
which measures the solvency of the oil for asphaltene (Eq. 3.7).  
𝛿𝑓 =  ∅𝑂𝛿𝑂 + ∅𝐼𝑂𝛿𝐼𝑂 + ∅𝑇𝛿𝑇       (3.6) 
𝑆𝐵𝑁 = 100  
𝛿𝑜𝑖𝑙 −𝛿𝐼𝑂
𝛿𝑇−𝛿𝐼𝑂
         (3.7) 
3.4.2. Asphaltene Precipitation Study 
The following method is a derivation from ASTM D-3279 [14], which covers the 
determination of mass percent of asphaltene defined as n-heptane insoluble. The 
analysis was conducted by adding a ratio of 100 mL n-heptane to 1.0g of pre-weighed 
crude oil in an Erlenmeyer flask. The flask and its content was then placed on a 
magnetic-stirrer hot plate and secured under reflux condition. A period of 15 – 20 
minutes of reflux is recommended especially for fuel oils, gas oils and crude residues 
in accordance to ASTM D-3279. The cooled but warm sample was then poured 
through a tarred filter paper, GF/D 5.5cm to filter the precipitated asphaltene. The 
filter paper was dried in the oven for 15 minutes at 107°C, cooled for an hour in 
desiccator and weighed. The dried filtrate was calculated as mass percent of n-heptane 
insoluble (NHI) as per Equation 3.8.  
𝑁𝐻𝐼, % =
𝐴
𝐵
× 100%        (3.8) 
where  
 A is the total mass of insoluble  
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B is the total mass of sample 
The refluxing the mixture as in ASTM D-3279 is to allow the crude oil to dissolve 
in the solvent while asphaltene precipitated out from the maltene, (saturate, aromatic 
and resin) which is soluble in n-heptane [91]. Asphaltene and maltene complete the 
SARA components of a crude oil [92]. In this study pre-determined variables were 
applied to the three subjected parameters:  
i. Varying residence time between 2 hours to 48 hours at ambient 
temperature  
ii. Varying sample temperature between 25 to 80°C using water bath and  
iii. Use of different aliphatic solvent type, namely  C5, C6, C7 and C9 for 
asphaltene precipitation  
Based on the preliminary study, asphaltene precipitation decreases with the 
increasing temperature and carbon number of the solvent, and increases as the 
resident time increases. From the data obtained, a Design of Experiment (DOE) 
Taguchi Orthogonal Array approach was used to handle sample and data distribution 
of the study. The array produced using Taguchi L-16 is as shown in Table 3.4. 
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Table 3.4 Array produced by Taguchi L-16, 3 factors with 4 levels for each factor 
(3x4) 
 Experiment Conditions 
Experiment Resident Time, h Temperature, °C  Solvent 
1 2 25 C5 
2 2 40 C6 
3 2 60 C7 
4 2 80 C9 
5 14 25 C6 
6 14 40 C5 
7 14 60 C9 
8 14 80 C7 
9 26 25 C7 
10 26 40 C9 
11 26 60 C5 
12 26 80 C6 
13 48 25 C9 
14 48 40 C7 
15 48 60 C6 
16 48 80 C5 
The analysis was then continued with Analysis of Variance (ANOVA) to learn the 
most significant contributor among the three studied variables. All the above 
calculations work was carried out in MS Excel spreadsheet. 
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3.5. Summary 
In this chapter, the characterization methods and other analytical analyses related to 
crude oils, crude blends and fouling deposits are discussed. Focus is more on the 
asphaltene as one of the common factors to fouling, which related study are included 
asphaltene precipitation and also asphaltene drop out using AFT and modified ASTM 
D3279. The chapter includes experimental setups and sample preparations, 
experimental procedures and etc. From the chapter, next chapter will be on the results 
and discussion of the analytical work performed and hypothesis on the fouling 
tendency of Malaysian crude oils will be discussed.   
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CHAPTER 4  
RESULTS AND DISCUSSIONS 
4.1. Introduction 
In this study, analyses are performed using various methods and instruments to obtain 
analytical data on the subjected crude oils, crude blends and fouling deposits. Focus is 
on asphaltene as it is the one of the major factors that contributes to crude oil fouling 
in heat exchangers. In this chapter, detailed explanations on the crude characteristics 
are discussed. The precipitation behaviors of asphaltene to the three parameters are 
discussed and asphaltene solubility parameters are also determined. Analysis of the 
results will give the insight and understanding on the chemistry of crude oil fouling 
with regards to its characteristics.  
4.2. Fouling Deposit Characterization 
Characterization of fouling deposit is one of the most important parts of the study 
and knowledge on foulant composition is vital. It gives essential information to 
understand the fouling behavior. It can indicate the type of fouling mechanism that 
occurs in the heat exchanger system. Chapter 3.2 discusses on the sampling procedure 
and analysis of foulant.  
The results for foulant analysis can be referred in Table 4.1. From the table, it 
indicates that deposition in the tube side of exchanger C and D has double the ash 
content compares to the shell side. Total carbon analysis also shows similar results. 
This is very consistent to the fact that residue is on the tube side while crude oil is on 
the shell side for these two heat exchangers. This is anticipated since the hotter 
residue on the tube side carries higher amount of heavy product with higher viscosity 
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as compared to the shell side which has lesser heavy product with lower viscosity. 
The residue flows from exchanger C to exchanger D while crude oil flows from 
exchanger D to exchanger C. The estimated temperature of residue coming in 
exchanger C is at 172°C and at 130°C at the exchanger D output line. The crude oil 
enters exchanger D at the estimated temperature of 121°C and goes out from 
exchanger C at the temperature of 130°C.  
Table 4.1 Fouling deposits analysis data 
Test Exc. C 
Shell 
Exc. C 
Tube 
Exc. D 
Shell 
Exc. D 
Tube 
Exc. A 
Shell 
Exc. A 
Tube 
Total Carbon, Ave. % 
(TC = TIC+TOC) 
2.43 3.68 2.00 2.83 4.03 3.28 
Ash content, wt.% 21.23 46.28 21.17 40.63 25.41 22.84 
AAS       
Pb , ppm 1.67 1.45 0.46 1.55 1.30 1.21 
Mg, ppm 0.02 0.02 < 0.01 < 0.01 1.73 1.30 
Cu, ppm 2.86 14.43 5.80 12.67 - - 
Cr, ppm 5.36 7.86 0.71 11.07 - - 
Fe, ppm 214.03 271.60 209.91 261.18 20.93 20.85 
Exc.: Heat exchanger 
Iron content which can either presence in the crude originally or as a result of 
corrosion activities in processing vessel, shows significant changes in content for 
foulant samples. The concentration on the tube side has increased from 23% to 27% 
for exchanger C and D. For exchanger A, Fe content is quite similar to each other. 
This shows that the metal tends to accumulate in the product line and decreases with 
increasing temperature in the tube and shell side. Cu and Cr are mainly anticipated to 
be from the surfaces of process vessels as a result of corrosion activities. The latter 
metals, though low in quantity show similar trends to that of Fe where higher amount 
was detected on the tube side than in the shell side. As for the magnesium and lead 
content, no appreciable changes were noticed.  
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Table 4.2 The elemental analysis of foulants using CHNS analyzer 
Test Exc. C 
Shell 
Exc. C 
Tube 
Exc. D 
Shell 
Exc. D 
Tube 
Exc. A 
Shell 
Exc. A 
Tube 
% C 37.40 57.62 19.69 55.53 53.49 61.64 
% H 7.37 8.32 3.68 7.99 8.01 9.46 
% N 0.13 0.16 0.17 0.17 0.26 0.20 
% S 0.96 2.32 2.23 2.23 0.81 2.85 
H/C Ratio 2.35 1.72 2.23 1.71 1.78 1.86 
H/C Ratio: %H/%C 
Elemental analysis of the foulants indicates that the deposits are mainly from wax 
formation with H/C ratios in the range of 1.4 to 1.9 [93] for all the foulants as 
indicated in Table 4.2. The mechanism suggested to have occurred in the system is 
polymerization fouling as wax formation is the main foulant in the samples [93]. 
Liquids containing molecules with higher molecular weight are known to have greater 
tendency to form deposits as compare to the lighter fraction. As a matter of fact, large 
branched chains paraffin has a greater tendency to deposition due to steric effect. This 
deposition on the heat exchanger once formed will act as nuclei and will initiate 
others with similar properties to deposit at a faster rate. These thermally decomposed 
liquids are particularly vulnerable to gum formation and the deposition is encouraged 
in the presence of olefins and inhibited in the presence of aromatics and naphthenes. 
Meanwhile for olefins, the components are easily activated by the presence of active 
metal and transformed into free radicals and lead to a non-stop polymerization 
process.  
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The proposed polymerization process initiated by olefin free radical is as shown 
here [94]:  
(i) Initiation of free radical by active metal or active sulfur or proton  
 
(ii) Chain polymerization reaction by free radicals 
 
(iii)The chain reaction is continuous reaction and gets complicated in the presence 
of large branched chains paraffin  
 
In addition to that, higher amount of carbon in deposits, the probability of high 
inorganic carbon content is greater as the inorganic carbons decompose at a higher 
temperature. Higher amount of inorganic carbon may suggest that chemical reaction 
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degradation is the major process to be occurred in the system. It is probably taking 
place in the heterogeneous solution due to catalyzing reaction or participating or 
encouraging the degradation process. Sedimentation of these suspended solids from 
the crude oil has been determined in earlier study as one of the major factors 
responsible for fouling mechanism of crude oil [29]. Knowing the properties of the 
liquids and solids, flow conditions and mixing effects, models can be developed to 
predict sedimentation of solids from liquids.  
In a controlled temperature, the thermal gravimetric analysis measures the amount 
and rate of change in the weight of a material as a function of temperature. Table 4.3 
shows the percentage of weight loss at the temperature ranges of < 140°C to < 550°C. 
The rate of the weight loss  was plotted for each deposit and is given in Figures 
4.1 to 4.6 as they were incorporated to the weight loss curves against temperature. 
This is to understand the weight loss behavior or in other words the characterization 
of different species desorbed from the foulant sample. The data are shown in Table 
4.2 & 4.3.  
Table 4.3 The percentage of weight loss of foulants at elevated temperature 
Test Exc. C 
Shell 
Exc. C 
Tube 
Exc. D 
Shell 
Exc. D 
Tube 
Exc. A 
Shell 
Exc. A 
Tube 
Initial weight, mg 9.851 9.696 9.999 9.646 9.175 9.945 
   Loss at < 140°C 29.70% 2.56% 50.53% 5.44% 1.35% 1.74% 
   Loss at 140 - 380°C 2.93% 40.49% 10.36% 49.57% 35.35% 28.01% 
   Loss at 380 - 550°C 2.98% 9.83% 2.23% 12.24% 9.30% 7.93% 
   Loss at > 550°C 4.91% 0.96% 5.21% 0.51% 5.91% 2.05% 
Figures 4.1 and 4.2 show the weight loss curve for exchanger C shell and tube 
fouling deposit samples. Together with Table 4.3 it can be seen that the shell side 
foulant has a relatively 10 times higher weight loss at the temperature less than 
140°C, with 29.70% as compared to 2.56% for tube side foulant. Similar pattern is 
also observed for exchanger D where the shell and tube side foulant are 50.53% and 
5.44% of weight loss respectively. This behavior is believed to cause by the loss of 
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volatile components or maybe hydrocarbon residue in the foulant which thermally 
degraded at a lower temperature.  
At the temperature range of 140 to 380°C, tube side shows greater weight loss 
with 4 and 14 times for both exchanger D and C respectively. This observation is 
consistent to the fact that tube side has higher amount of carbon as indicated in 
elemental analysis in Table 4.2. The components that degraded at this temperature 
range (140 to 380°C) contain higher hydrogen content with lower carbon as compare 
to the components that degraded at the temperature of 380°C to 550°C. The content is 
most probably a more complex hydrocarbon structure with probably aromatic part 
with lower H to C ratio. These aromatic compounds contain less hydrogen as compare 
to straight chain hydrocarbon. Species present at temperature of greater than 550°C is 
considered mainly due to carbonaceous materials, incombustible metals and also other 
inorganic substances that is stable at high temperature. These materials have higher 
deposit on the shell side as compared to the tube side. This observation suggests that 
fouling tendencies are higher at the shell side (crude) than the tube side (residue 
product).  
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Fig.  4.1 The weight loss curve for exchanger C shell side foulant
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Fig.  4.2 The weight loss curve for exchanger C tube side foulant 
  
Method: TGA - foulingDeposit (10oC/min)
dt 1.00 s
  35.0-900.0°C 10.00°C/min, O2 50.0 ml/min
Synchronization enabled
? Step -66.8558 %
 -6.6869 mg
Residue 33.1107 %
 3.3117 mg
Left Limit 36.52 °C
Right Limit 778.48 °C
1090800011_10°C, 07.08.2009 13:00:54
Sample Weight
1090800011_10°C, 10.0020 mg
mg
3
4
5
6
7
8
9
10
min
°C50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
 
^ ex o 1090800011 17 . 08 . 2009  12: 20 : 48
ST ARe  SW  9 . 10Pe t ronas Resea rch  SDN BHD:  M ET T LER  
 
 
 
 
 
 
 
 
 
 
 
Fig.  4.3 The weight loss curve for exchanger D shell side foulant 
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Fig.  4.4 The weight loss curve for exchanger D tube side foulant 
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Fig.  4.5 The weight loss curve for exchnager A shell side foulant 
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Fig.  4.6 The weight loss curve for exchanger A tube side foulant 
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Figures 4.3 to 4.6 show the weight loss curve for each sample collected from 
exchanger C, D and A. The  for exchanger C and D show high similarities on 
the weight loss at the certain temperatures, while deposits from exchanger A are 
totally different. This is because exchanger A is far downstream of the desalter where 
the temperature difference between tube side and shell side is not large, at estimated 
values of 80°C and 19°C respectively. The small surface temperature difference here 
lowers down the possibility of the deposition to occur [65].  
Field Emission Scanning Electron Microscope coupled with Energy Dispersive X-
ray (FeSEM – EDX) was conducted to obtain the information on foulant composition 
and surface morphology. FeSEM has an added advantage over typical SEM in that it 
is equipped with narrower probing beams which operate at low and high electron 
energy to provide images with improved spatial resolution and minimized sample 
charging and damage. FeSEM also produces clearer, less distorted images with spatial 
resolution and it is three to six times better than conventional SEM. 
Table 4.4 and Figure 4.7 below show the elemental compositions and 
chromatogram of the foulant analysis taken from EDX component of the FESEM-
EDX. The determination was conducted using internal standards, which are SiO2 for 
oxygen and sulfur, albite for sodium, MgO, Al203, FeS2, KCl, Ca, CaCO3, Fe, KBr, 
BaF2, Ti, W, HgTe, Pd and Cu for its element respectively. It should be noted that the 
result obtained is based on „spot‟ test and may not be representative to the whole 
sample. It gives an average compositional indication of the elements present. The 
results are normalized to give an indication of the abundance element composition of 
the sample.  
 
 
 
 
 
80 
 
Table 4.4 Fouling deposit analysis data 
Test Exc. C 
Shell 
Exc. C 
Tube 
Exc. D 
Shell 
Exc. D 
Tube 
Exc. A 
Shell 
Exc. A 
Tube 
C  16.77 60.99 36.43 25.67 31.12 51.06 
O 42.51 21.24 38.98 42.60 55.35 29.24 
Na 1.41 1.21 1.05 1.58 2.32 0.55 
Mg 1.66 0.40 1.24 0.32 2.76 0.32 
Al 3.23 0.73 3.62 - 4.25 2.21 
Si 7.73 1.27 6.02 1.13 8.33 3.36 
S  0.65 3.57 0.51 0.92 4.56 2.64 
Cl 2.46 0.78 1.02 0.46 2.30 - 
K  0.97 - 1.03 - - 0.51 
Ca 16.92 3.93 6.69 1.38 35.18 4.02 
Fe 5.70 5.88 3.43 17.92 16.08 6.10 
From the same table, we can see that high carbon content deposit in tube side of 
exchanger C amounting to ± 60 wt% while the other deposits are less than ±40 wt%. 
Oxygen content is also high, more than 20 wt% for all samples. The presence of 
oxygen in the samples may suggest that the samples have trapped and absorbed 
oxygen from the bulk fluid. The absorption of oxygen is most probably enhanced by 
the presence of active metals. The presence of oxygen can initiate auto-oxidation 
process which can accelerate fouling deposition via polymerization process. In the 
previous section, elemental analysis by CHNS suggests that the main organic fouling 
deposition is through wax deposition. The presence of oxygen further strengthens this 
finding.  
The other elements are quite low with less than 5 wt% except for calcium, silica 
and iron. All three elements are inherent compositions in crude oil except for Fe 
which can also increase as a result of corrosion product. It can be seen that the Ca 
concentration is higher at the shell side as compared to the tube side for the three heat 
exchangers. Presence of Ca and Si on the tube side is most probably due to carryover 
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activities.  As for Fe concentration, it is has different configuration to that of Ca and 
Si.  In C it has the same concentration on both the shell and tube side, while on D the 
tube side has five times more Fe than the shell side. This increase in the shell side 
may most probably be due to corrosion product or carryover from the upstream of the 
desalter. The same is observed for A the shell side has 2½ times higher Fe 
concentration than the tube side.  
From the above discussion and observation it can be concluded that both organic 
and inorganic fouling is taking place in the heat exchanger. The organic fouling is 
mostly from wax deposition and inorganic fouling is from metal deposition of Ca, Si 
and Fe.  
 
Fig.  4.7 The FeSEM images for exchanger exchanger C Shell side foulant 
From the FeSEM images, one can have a good idea of the mechanism of fouling 
material lay down. The following figures show the images of the foulants using 
FeSEM with the magnification of 5,000 times, whose image is is produced from a 
spot of size of 1 µm. Plate 4.1 and 4.2 show the images taken from FeSEM analysis 
for fouling deposits from exchanger C (shell and tube side respectively). From the 
images taken (plate 4.1 and 4.2), it can be observed that fouling depositions are 
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different for both the shell and tube sides. For the shell side, it can be seen that the 
fouling deposition is uneven and flakey in nature. This observation we believe is a 
result of „film‟ boiling where certain species from the main deposit might have 
dislodge or solubilize due to increase solubility under the influence of temperature 
and flow properties. This reaction we believe to be the main cause of the excavated 
type trench as seen in plate 4.1. For the case of the tube side the deposit present is 
lumpy grain in nature. This we believe might have occurred as a result of 
polymerization reaction. This polymerization reaction is initiated by a more or less 
uniform layered of sticky organic deposit having occurred due to creeping flow on the 
metal surface. As the solid or metal particles from the mother liquid flows above them 
they have higher tendency to deposit on this film. The metal thus deposited can act as 
a catalyst to initiate polymerization reaction by creating free radical which initiates 
and propagate other free radicals species increasing the molecular weight of the 
deposit. This reaction makes the film more sticky and reactive, while at the same time 
increases the trapping of other metals of organic particles onto its surface. This makes 
the deposit more stable and wash-away resistant.  With increase in throughput, metal 
depositions increases while retaining the lumpy grain like image onto which other 
organic particles attaches as a result of a slow and steady deposition mechanism. 
Unfortunately for both the observation seen on the shell and tube sides there is no 
citation in literature.   
As for tube side of C, the presence of the round hole is believed to be caused by 
the air bubbles that might be trapped during the deposition, and indirectly provided 
the nucleation sites for the accumulation to occur continuously. The nucleation sites 
are relatively bigger in tube side foulant which ranges from 1.0 to 3.6 μm. As for the 
shell side the range is quite low at 0.7 to 1.8 μm. This also supports the film boiling 
theory as indicated in the earlier discussion. A pro-longed exposure of this site to high 
temperatures can lead to more serious fouling problem as it will start to give effect to 
the heat transfer. As a result, this „hot‟ spot can convert wax into hydrogen deficient 
carbon deposit or asphaltene deposition to unconverted asphaltene and finally to coke. 
Further exposure of heat to the coke will cause coke to crack and provides more 
nucleation sites, resulting in exponential fouling rates.  
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Plate 4.1 The FeSEM images for exchanger C Shell side foulant 
 
Plate 4.2 The FeSEM images for exchanger C tube side foulant 
Plate 4.3 and 4.4 show the FeSEM images for exchanger D foulant samples and 
4.5 and 4.6 for exchanger A deposited foulants. The images are at the same 
magnification as explained earlier and the findings are similar to that as before-
mentioned.  
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Plate 4.3 The FeSEM images for exchanger D Shell side foulant 
 
Plate 4.4 The FeSEM images for exchanger D tube side foulant 
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Plate 4.5 The FeSEM images for exchanger A Shell side foulant 
 
Plate 4.6 The FeSEM images for exchanger A tube side foulant 
From the above images it can be seen that the fouling lay down on the shell side is 
normal deposition followed by film boiling mechanism. This results in an uneven and 
flakey surface deposition. For the tube side, the deposition shape is mostly uniform 
grain lumpy in type. This may have come about due to polymerization reaction which 
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results in sticky product which traps metal as it passes through.  This give rises to a 
slow and steady deposition mechanism which increases gradually over time.  
4.3. Crude Oil Characterization  
The list of properties for crude A, B and C are listed in Table 4.5. From the crude 
properties, we understand that crude A and C are paraffinic crude oils with a density 
at 15°C of less than 0.8000 kg/l, while crude B is naphthenic crude with highest 
density of 0.8613 kg/l [95]. Unlike naphthenic crude, paraffinic crude contain more 
than 75% of saturated hydrocarbons either with straight or branched chains without 
any ring structure [95]. Naphthenic crude on the other hand contains much more ring 
structured hydrocarbon. Paraffinic crude can easily undergo polymerization process in 
the presence of olefin which initiates this unstoppable chemical reaction. This olefin 
is converted into free radical in the presence of active metal which is present in the 
crude oil naturally and as contaminants. As the density of the crude reaches closer to 
the density of water, the removal of water from the crude becomes more difficult. As 
a result, the water has a higher tendency of being carried-over, causing fouling and 
corrosion at the upstream of the desalter. From Table 4.5, crude B with the highest 
density shows higher water retention followed by crude A and C.  
 
 
 
 
 
 
 
 
 
87 
 
Table 4.5 Properties of crude A, B and C 
Property Method Unit A  B C 
Density at 15°C D 5002 (kg/L) 0.7932 0.8613 0.7872 
API Gravity  D 1298 ° API 46.89 32.79 48.25 
Viscosity at 40°C D 445 cSt 2.3484 3.8276 2.4058 
Pour Point  D 97 °C +12 -12 -6 
Reid Vapor Pressure D 323 kPa 38.6 25.6 37.2 
Ash Content D 482 wt. % 0.007 0.003 0.003 
Asphaltene  D 3279 wt % 0.039 0.055 0.038 
Conradson Carbon Residue D 189 wt. % 0.488 0.385 0.544 
Wax content De-waxing Wt. % 30.63 11.85 6.93 
Water Content D 4006 vol % 0.01 0.40 0.02 
Basic Sediment and Water  D 4007 vol % 0.70 0.55  0.10 
Sulfur Content D 4294 ppm 0.027 0.056 0.019 
Salt Content I.C. mg/kg 46.89 8.29 4.18 
Total Acid Number D 664 mgKOH/g 0.16 0.21 0.19 
Total Base Number D 4739 mgKOH/g 0.06 0.02 0.04 
Calorific Value  kJ/g 42.42 43.29 43.49 
Water and basic sediments can be an indication of the aging process of the oil 
field. An increase in BS&W indicates an aged field [50] and also increases the toll on 
the desalter. The inherent sediment properties may consist of water soluble materials 
that could be problematic to the heat transfer efficiency. Efficient desalting should not 
have any problem handling this constrains. Effective addition of demulsifier or 
desalting activities is necessary to prevent carryover. The presence of these physical 
contaminants may influence the fouling activity as they may become fouling 
precursors in the heat exchanger line. 
Other crude properties which are interrelated to density are wax content, pour 
point and viscosity. Paraffinic crude in general has higher wax content and pour point 
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with lower viscosity. This is highlighted in Table 4.5. Crude oil has a greater tendency 
to be attacked by polymerization reactions when the paraffin content is higher. This 
polymerization reaction can be initiated by olefins, light or heat energy to produce 
free radical which in turn will be catalyzed by the presence of metals.  Wax content in 
crude A is significantly higher than other crude oils and has higher tendency to be 
influenced by polymerization process. 
Paraffinic crude has lower viscosity at 40°C as compared to a naphthenic 
counterpart. Crude B, naphthenic crude may contain one or more rings with one or 
more paraffinic side chains with the highest viscosity at 3.8276 cSt. This is 1.6 - 1.7 
times higher than that of crude A and C whose viscosity is less than 2.5000 cSt. Crude 
with higher viscosity has more tendencies to cause deposition fouling due to flow 
properties and fluid dynamics [96]. Constant heating and loss of lighter components 
of the crude oil during its transportation along the heat exchanger train can result in 
more viscous products which can easily be deposited on the hot surfaces. This 
deposition can be turned into coke when continuously exposed to the high 
temperature and creates bigger fouling problem in crude pre heat train.  
Reid vapour pressure is a conditional property of the crude. In general lower 
density crude should have higher amount of light ends as compared to higher density 
crude. This property can be reduced as the light ends escape. Paraffinic crude, in 
general, has higher reid vapour pressure than naphthenic crude. The presence of these 
light ends may affect the precipitation of asphaltenes by disrupting the resins 
interaction which keeps the asphaltenes afloat in solution.  
Increase in paraffinic content especially the lower paraffin C5 to C9 has the 
tendency to precipitate asphaltene as it will disturb the harmony of the of the crude oil 
mixture [44]. Higher asphaltene content does not necessary mean higher deposition 
rate provided the harmony of the crude components is not disturbed. Studies have 
shown that low asphaltene content crude can have higher tendency of precipitation as 
compared to those with higher asphaltene content [64]. Once the asphaltene harmony 
is disturbed, precipitation of asphaltene can cause castrophilic consequence of a crude 
heat exchanger train due to the associated chain effect. The deposited asphaltene 
when over-exposed to heater tube surface temperatures will undergo massive 
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restructuring with the removal of hydrogen content to form graphitic coke which is 
insoluble and difficult to remove. All the 3 crudes analyzed has low asphaltene, no 
serious problem can be anticipated provided the crude harmony is not disturbed. 
These values are still considered to be very low in crude oil processing business as 
compare to the heavy oils from Middle East with average asphaltene content of more 
than 2.0 wt%. Generally in heat exchangers, the product side of the exchanger is 
much hotter than the crude oils side. As a result, a relatively high surface or skin 
temperature is generated. The asphaltene tends to precipitate from the crude and 
adhere to these hot surfaces. Prolonged exposure to such high surface temperatures 
accelerates the thermal degradation of the asphaltene to coke.  
Ash content is basically the mineral or non-volatile component of the crude oil. 
All 3 crudes have insignificant amount of ash content. Conradson carbon residue 
indicates the coke residue that is present in the crude. This residue may be an 
indication of both polynuclear hydrocarbon and polynuclear aromatic. This can also 
relate to the presence of unconverted crude oil or kerogen [95]. This property comes 
from the intrinsic property of the crude. High values can be an indication of higher 
fouling tendencies. Based on this assumption crude C seems to have the highest 
tendency to foul as can be seen from Table 4.5. 
Total acid number is usually associated with sulfur and naphthenic acid content. 
Both sulfur and naphthenic acid are usually associated with corrosion. As long as both 
are in solution, chances of deposition are minimized. Most of the effect from these 
species is usually exhibited at the higher temperature heat exchanger and downstream 
of the furnace. Higher acid number crude has greater tendency for corrosion activities. 
Naphthenic acid is more pronounced in naphthenic crude. Naphthenic acid is less 
corrosive than sulfur. As the crude get denser or heavier, the tendencies for 
naphthenic and sulfur contents to increase is higher and this may be one of the main 
causes for corrosion. Corrosion produces deformation or uneven surface due to 
erosion and increase metal content in the crude and its product. These uneven surfaces 
retards flow and can be active sites for fouling activities.  Sulfur is usually inherent 
property of the crude oil and depends on origin of the crude. Organic sulfur is usually 
associated with heavy crude, while hydrogen sulfide with lighter crude. H2S is much 
more corrosive and easier to remove than organic sulfur. Organic sulfur is usually 
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passive as long as they are in solution. Corrosion associated with sulfur deposition 
usually occurs downstream of the process plant and mostly in the residue product. 
Crude B, which is heavier than crude A and C has more than double of sulfur content. 
The sulfur content in this crude B may be prominently organic sulfur, which associate 
to the high acid number as organic sulfur gives rise to acid number in a crude oil. 
Tendency for fouling from sulfur is more pronoun at downstream or product line 
where the species gets concentrated. 
Presence of salt is usually associated with scaling. Scaling causes nuclei or surface 
for foulant deposition.  In the refinery salt are usually washed at the battery limit with 
water and removed at the desalter. The salt content can cause emulsion problems and 
this emulsion can be carried away to the downstream of the desalter. At higher 
temperature they precipitate out as scales on the surface of heat exchangers increasing 
fouling tendencies and as a result retards heat transfer. Salt content can also occur as a 
result of aging of the oil well and at the same time may come in during transportation 
or logistic activities. Crude A has the highest salt content which is 5 to 11 times 
higher than crude B and C respectively.  
Total base number is usually associated with caustic present in the crude oil. 
These caustic materials may be incorporated during drilling or mining activities, 
especially incorporation of chemicals to improve or enhance crude recovery. Their 
effect starts with scaling followed by corrosion between the scale and surface of the 
heat exchanger. This type of corrosion will have an effect on metal surface which 
leads to leaking of heat exchanger surfaces. Providentially all three crude oils have 
very low level of total base number. Caloric value is usually associated to heat 
retention of the crude. It is also associated with stability of the crude under 
temperature regime. Higher caloric value means better heat transfer and stability. All 
three crudes have similar caloric value. 
Simulated distillation or SIMDIS, a fast and reliable high temperature gas 
chromatography was chosen. For working principle and operation of SimDis, please 
refer to Chapter 3.3.2. The SIMDIS curve can be obtained by plotting the cumulative 
mass or volume distillation fraction via partition chromatography with increasing 
temperature. The result from SIMDIS is given in Figures 4.8 – 4.10 for crude A, B 
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and C, respectively. The shape of these curves is dependent on the volatility of 
components present in a given crude oil. As such, these curves give a “footprint” of 
the composition of crude oils, as can be referred in Table 4.6 for the percentage of 
recovery at a pre-defined temperature.  
 
 
 
Fig.  4.8 Chromatogram of SimDis signal of crude A (top) and boiling point 
distribution curve, against mass percent (bottom) 
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Fig.  4.9 Chromatogram of SimDis signal of crude B (top) and boiling point 
distribution curve, against mass percent (bottom) 
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Fig.  4.10 Chromatogram of SimDis of crude C (top) and boiling point distillation 
curve, against mass percent (bottom) 
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Table 4.6 Properties of crude A, B and C 
Property Method Unit A  B C 
Simulated Distillation D 7169     
IBP  °C < 0.5 10.4 < 0.5 
5% Recovery  °C 64.0 76.8 44.5 
10% Recovery  °C 96.0 126.4 65.2 
20% Recovery  °C 126.6 179.2 138.0 
30% Recovery  °C 163.6 222.6 179.4 
40% Recovery  °C 197.8 251.6 222.2 
50% Recovery  °C 234.2 277.0 257.4 
60% Recovery  °C 267.0 307.0 296.8 
70% Recovery  °C 310.4 346.0 337.8 
80% Recovery  °C 386.8 397.0 391.4 
90% Recovery  °C 526.8 441.8 447.4 
95% Recovery  °C 545.0 496.0 499.2 
FBP  °C 730.0 648.6 686.8 
Found Recovery, %   95.0 100.2 95.3 
Ave. Boiling Point  °C 280.7 290.7 274.4 
Watson K-factor API Tech Data  11.3 10.5 11.4 
H to C ratio API Tech Data   6.45 7.50 6.30 
Ave. Molecular Wt. API Tech Data   240 250 230 
Aniline Point API Tech Data °C 80 < 50 90 
Based on the „footprint‟ information, crude C is the lightest oil, followed by crude 
A and B. This conclusion was made by the percentage of recovery up to 10% where it 
is at 65.2°C as compare to 96.0°C and 126.4°C for crude A and B respectively. The 
recovery temperature up to 20% for crude C is slightly lower than crude A, but from 
20 to 70% recovery temperature is higher for crude C as compared to crude A.  After 
70% recovery temperature of crude C is lower than crude A. The average boiling 
point for crude C is the lowest followed by crude A and C, respectively. This is 
further backed by the average molecular weight measurement. This indicates that 
crude C is the lightest oil.  
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Aniline point is an indication of aromatic content. Increase in aniline point 
indicates lower aromatic content.  Referring to Table 4.6 it can be seen that crude B 
has higher aromatic content (aniline point is < 50
o
C) than both crude A and C whose 
aniline point are 80 and 90
o
C, respectively.  
Crude having a Watson K factor of 11 to 13 is considered as paraffinic, while 
lower than 11 as naphthenic. From the results in Table 4.6, it can be seen that crude A 
and C are paraffinic and crude B is naphthenic 
Table 4.7 Metal compositions of crude A, B and C 
Property Unit A B C 
Metal     
Iron (Fe) ppm 0.32 0.21 0.25 
Aluminum (Al) ppm 0.80 nil 0.32 
Magnesium (Mg) ppm 0.09 0.05 0.07 
Lead (Pb) ppm 0.76 0.66 0.47 
Vanadium (V) ppm nil 5.35 15.07 
Silica (Si) ppm 85.60 94.04 37.11 
Sodium (Na) ppm 0.68 0.44 0.39 
Potassium (K) ppm 0.18 0.29 0.22 
Copper (Cu) ppm nil nil nil 
Chromium (Cr) ppm nil nil nil 
Table 4.7 shows the inherent metals composition and corrosion products in the 
crude oil. Iron, aluminum and magnesium are usually considered as corrosion 
products, which mean the metals do not exist naturally in the crude oil. The other 
metals on the other hand are inherent property of the crude oil which exists naturally 
in the crude oil underground. In some crude iron may be present as an inherent 
contaminant and this depends on the well‟s surrounding site.  
The results for the metal content as shown in Table 4.7 indicate that the metals 
present in the crude oils might be collected or carried along from the well, 
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transportation lines and finally to the storage tank, before entering the heat exchanger 
system. The presence of Fe, Al and Mg, the corrosion products can be detected in the 
crude. Higher content of iron and aluminum in the crude oil may suggest that 
corrosion has occurred in the system. However according to the common practice of 
the subjected refinery, it is still considered to be acceptable since the amount of 
individual metal is less than 0.5 ppm.  
Necessary mitigation should be conducted to remove the metals. This is necessary 
reduce fouling problems during crude oil distillation and purification processes. 
Presence of these metals could deactivate the catalytic processes in the processing 
plant. The analysis also can be used as an indicator to a certain the efficiency of 
desalter in metal removal. From the same table it can be seen the Si is the only metal 
which need to be minimized. Si can be removed by gravity settling methods in the 
crude tank farm. All the other metals present in all the three crude oils should not 
cause any problem due to their low concentrations. 
4.3.1. Correlation Study between SIMDIS and True Boiling Point (TBP) 
The earlier experiments were attempted to find the best baseline condition of the 
crude samples. The Malaysian crude oils are non-viscous light crudes and Figure 
4.11; through 4.13 show the curves for SIMDIS data for crude oil A, B and C in 
comparison to true boiling point (TBP) data for the respective crude samples. A good 
agreement is noticed with a little deviation especially towards the light ends and 
heavy ends as can be observed in the correlation curves. Those differences may be 
caused by the loss of the light ends of the crude sample during sampling and sample 
preparation. All necessary precautions have been undertaken to prevent this problem 
in laboratory sample preparation such as crude sample being stored at 5°C to prevent 
loss of volatile component, logistic handling and transporting of crude oil is beyond 
our control which may also acts as a contributor to this problem. Apart from the 
setback, there is no major deviation and good agreement observed for each of the 
crude oil. 
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Fig.  4.11 TBP and SimDist distillation curves (percentage of cumulative weight vs. 
temperature) for crude A 
 
Fig.  4.12 TBP and SimDist distillation curves (percentage of cumulative weight vs. 
temperature) for crude B 
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Fig.  4.13 TBP and SimDist distillation curves (percentage of cumulative weight vs. 
temperature) of crude C 
In order to attest the findings from the above correlated curves, a comparison of 
product yields for crude A, B and C were done based on the temperature cut points in 
the TBP analysis. The differences in some major product yields can be observed from 
Figure 4.14. The naphtha yield for crude blend A, B and C differs by 25.9%, 13.4% 
and 33.4% while resid yield differ by 6.1%, 5.9% and 5.9%, respectively. The 
difference is quite significant on the lightest fraction cut and this is because of the loss 
of volatile components and light hydrocarbons. Although proper precautions had been 
made during sample preparation and storage, the difference observed is may be due to 
experimental error and other uncontrollable factors as previously discussed.  
The comparison between the two distillation methods is further supported by the 
correlation co-efficient, R
2
 values for crude A, B and C which are 0.88, 0.98 and 0.93, 
respectively. It shows high agreement to each other and SimDist can be a suitable 
analytical method replacing TBP which is time consuming.  As a conclusion, 
simulated distillation curves of three crude blends have been successfully correlated 
via temperature – percentage of cumulative weight with TBP curve. These results 
show that Simulated Distillation GC is capable of producing reliable results consistent 
with conventional TBP method and based on the observation of the correlated product 
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yields, it shows that crude oil with higher specific gravity indicates less amount of 
light ends loss.  
 
Fig.  4.14 Comparison of product yields for crude blend A, B and C for the two 
correlated methods 
4.4. Asphaltene Flocculation Study using Automated Flocculation Titrimeter 
(AFT) 
The compatibility study was conducted with three different concentrations for 
every crude oil through back titration method. This was necessary because the crude 
oils for the present study have low asphaltene contents which are below the AFT 
detectable limit. In order to determine the asphaltene drop-out, the crude oils were 
spiked with a high asphaltene content heavy oil label as Hx [45]. Details on this back 
titration method has been discussed in Section 3.4.1. 0.3 mL reference oils (H1 to H8) 
were used with asphaltene contents in the range of 0.35 to 5.6 wt. %. The flocculation 
solubility parameters of the reference oils were initially identified.  The flocculation 
rates of the asphaltene drop out were plotted against asphaltene concentrations. An 
example of this plot using reference heavy oil, H1 is given in Figure 4.21.  
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Fig.  4.15 The example of flocculation peak plot for heavy oil as reference, H1 
The oil solubility parameter,  and flocculation solubility parameter,  of 9.64 
MPa
0.5
 and 8.37 MPa
0.5
 respectively obtained for H1 from the titration method. The 
H1 heavy oil consists of ± 5.6 wt. % of asphaltene with solubility blending number, 
 of 136.84 and insolubility number,  of 70.91. Other solubility parameter values 
for heavy oil including H1 to H8 are shown in Table 4.9. These values were then used 
in the afore-mentioned compatibility model equations given below to get oil solubility 
number for Malaysian crude oils. The definitions of solubility and insolubility 
parameters of crude oil can be referred in Section 3.4.1.  
      (4.2) 
)       (4.3) 
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Table 4.8 The solubility parameters of the reference heavy oils 
Oil Type  H1 H2 H3 H4 H5 H6 H7 H8 
Asphaltene content, wt.% 5.60 0.37 3.10 1.58 1.30 1.30 2.33 2.50 
 9.64 7.21 8.91 8.49 8.85 7.97 8.91 9.14 
  136.84 11.21 99.17 77.30 98.88 50.74 98.97 110.87 
 8.37 7.21 8.18 8.20 8.30 8.10 8.20 8.33 
   70.91 53.23 61.40 62.54 67.44 57.18 70.91 69.30 
The solubility blending number,  > 100 is said to have high compatible factor 
according to Wiehe [44, 65]. The arbitrary value for SBN < 100 indicates that the crude 
has high tendency to precipitate asphaltene either when mixed or processed 
individually.  From Figure 4.22 it can be seen that H2 and H6 are self-incompatible 
crude with  value less than 60 and have very high tendency to precipitate 
asphaltene. H3, H6 and H7 are nearly incompatible crude where  is slightly lower 
than 100. The other two reference oils (H1 and H8) are believed to be self-compatible 
crude or have high tendencies to keep asphaltene in solution. This property may 
however change when a crude oil is blended with other crude oils to produce either a 
higher or lower SBN number depending on the crude properties.  It is believed to occur 
because of the asphaltene sensitivity to chemical and composition alteration that leads 
to the changes in asphaltene-resin stability in crude oil.  
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Fig.  4.16 Graph shows the  for the reference oils 
Based on the information in Table 4.9, the solubility and insolubility parameters 
of the Malaysian crude oils were measured using different reference oils to validate 
the results. The results are tabulated in Table 4.10. From the results it can be observed 
that for all three crude oils are within 10% of each other‟s SBN value.  The average 
  of crude A, B and C are 118.29, 116.43 and 125.27 respectively. All three crude 
samples analyzed are compatible crude oils. 
Having established the base SBN for the three crude oils, another set of experiment 
was also conducted to identify potentially incompatible between pairs of the crude 
oils at different ratios. The test result of the crude blends compatibility can be referred 
in Table 4.11. From the same table it can be concluded that all the various blending 
ratios of the three crudes are compatible with each other. For compatibility criterion, 
 must be more than  for the oil mixture.  
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Table 4.9 The solubility and insolubility parameters of crude A, B and C 
 Reference Crude Oil 
Oil Type  H1* Crude A Crude B Crude C 
δO (MPa)
0.5  9.64 22.68 27.03 22.90 
SBN  136.84 114.24 110.73 113.98 
* δf (MPa)
0.5 = 8.37; IN = 70.91   
Oil Type  H2* Crude A Crude B Crude C 
δO (MPa)
0.5  7.21 20.11 13.17 17.89 
SBN  11.21 117.35 145.74 121.66 
* δf (MPa)
0.5 = 7.21; IN = 53.23   
Oil Type  H3* Crude A Crude B Crude C 
δO (MPa)
0.5  8.91 25.23 27.39 16.29 
SBN  99.17 111.90 110.511 132.15 
* δf (MPa)
0.5 = 8.18; IN = 61.40 
Oil Type  H4* Crude A Crude B Crude C 
δO (MPa)
0.5  8.49 15.99 25.42 19.46 
SBN  77.30 130.99 111.70 119.83 
* δf (MPa)
0.5 = 8.20; IN = 62.54   
Oil Type  H5* Crude A Crude B Crude C 
δO (MPa)
0.5  8.85 28.40 24.09 16.09 
SBN  98.88 109.96 112.79 130.29 
* δf (MPa)
0.5 = 8.30; IN = 67.44   
Oil Type  H6* Crude A Crude B Crude C 
δO (MPa)
0.5  7.97 23.93 29.34 16.57 
SBN  50.74 114.53 109.51 128.13 
* δf (MPa)
0.5 = 8.10; IN = 57.18 
Oil Type  H7* Crude A Crude B Crude C 
δO (MPa)
0.5  8.91 23.78 24.13 18.21 
SBN  98.97 113.49 113.18 126.79 
* δf (MPa)
0.5 = 8.20; IN = 70.91 
Oil Type  H8* Crude A Crude B Crude C 
δO (MPa)
0.5  9.14 16.01 20.45 15.64 
SBN  110.87 133.87 117.28 129.34 
* δf (MPa)
0.5 = 8.33; IN = 69.30 
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Fig.  4.17 The SBN for crude A, B and C considering of adding H1 – H8 reference oil 
for back titration 
The crude blends produced are; A8B2, A6B4, A4B6, A8C2, A6C4, A4C6, A8D2, 
A6D4 and A4D6. The alphabet refers to the crude type and the number the blending 
ratio of the crude blend.   The ratio selected for this study is based on the frequency or 
preference of crude blend that is used in the particular refinery of concerned. All the 
crude blends are believed to be compatible with a possibility of no asphaltene drop 
out. Processing the crude blends will render to a free asphaltene fouling on heat 
exchangers.  
Table 4.10 Asphaltene drop-our rates in crude blends 
Oil Type H1* A8B2 A6B4 A4B6 A8C2 A6C4 A4C6 
δO (MPa)
0.5 9.68 20.17 18.62 17.47 19.09 20.44 20.06 
SBN 138.82  118.22 120.03 140.87 119.10 116.86 117.43 
*δf (MPa)
0.5
 = 8.02, IN = 52.91 
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4.4   Asphaltene Precipitation Study 
ASTM D-3279 [14] was used for the asphaltene precipitation study.  The 
experimental details of this study can be referred in Section 3.3.2. This method covers 
the determination of mass percent of asphaltene drop-out rate under the influence of 
temperature, solvent type and residence time. Referring to a preliminary data, Design 
of Experiment (DOE), Taguchi Orthogonal Array approach was used to handle 
sample and data distribution.  
The behaviors of asphaltene precipitations for each crude oil are given in Figures 
4.30(a), 4.30(b) and 4.30(c) for crude A, B and C, respectively. The precipitation 
trend against temperature [49] and solvent type [30, 66, 69] have been previously 
studied, but, there is no previous literature study on residence time. From these figures 
[4.24(a), 4.24(b) and 4.24(c)], it can be clearly seen that asphaltene precipitation is 
effected when the parameters changes were introduced to the crude oils.  
Temperature has a very distinguished effect on the asphaltene precipitation, where 
the asphaltene tends to precipitate lesser as the temperature increases to a certain 
temperature and behaves differently after that. This behavior also observed by Storm 
et al. in a study in which asphaltene precipitation kept decreasing until the 
temperature reached 200°C [49]. At the temperature more than 200°C, asphaltene 
acted in a reversed manner where asphaltene precipitation increased. The present 
study was conducted at the temperatures varying from 25 to 80°C as the boiling point 
of the solvent is less than 100°C.  
The precipitation effect to the residence time is different than as expected. 
Asphaltene deposition decreases to increasing residence period of a crude oil prior to 
titration. It should be noted that the sample was undisturbed during the analysis. 
Possible reason for this observation is that may be due to asphaltene re-dissolves into 
the solution when the residence time is increased.  
 
106 
 
 
 
 
Fig.  4.18 NHI% of Crude A, B and C respectively in top figure (a), middle (b) and 
bottom (c) vs. time, temperature and solvent type 
The third parameter, which is the solvent type, contributes significantly to 
disruption of asphaltene-resin interaction and caused different asphaltene precipitation 
rate as can be observed in analysis with C5 and C7 n-paraffin solvent. Rate of 
asphaltene precipitation decreases with the addition of solvents with higher carbon 
numbers, i.e. it decreases from C5 to C9. Similar behavior or trend was observed in all 
(a) 
(b) 
(c) 
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three crude oils where C5 gave the highest and C9 the lowest percentage of asphaltene 
precipitation. Although the asphaltene precipitation rate is different with different n-
paraffin solvents, it should however be noted that the species of asphaltene deposited 
are also different. The rate or quantity of asphaltene deposition depends on the types 
or species of the asphaltene present in particular crude. In this study, an assumption 
was applied and supposition in that the asphaltene species in all three crude oils are 
the same, as the total quantity of asphaltene in subjected crude oils are very small.  
A Taguchi analysis was conducted to further understand and make the results 
more meaningful. Please refer to Section 3.3.2 for further details. This study involved 
four levels of pre-chosen variables for each of the parameter (residence time, 
temperature and solvent type). The levels for each of this parameter is given in Table 
4.12 and results in Table 4.13.  
Table 4.11 Definition of Parameters and levels 
Level Residence time (h) Temperature (
°
C) Solvent (carbon number) 
1 2 25 C5 
2 14 40 C6 
3 26 60 C7 
4 28 80 C9 
The result from this analysis can be categorized to show the optimum level, 
contribution and rank for the each parameter based on average NHI% as can be 
observed in Table 4.13. The optimum level here is the level of each parameter that has 
the most effect on the precipitation. 
   Crude A analysis shows that the optimum level of asphaltene precipitation is at 
the temperature of 25°C using n-pentane. The residence time is for 26 hours. Same 
combination of temperature and solvent also produced the optimum asphaltene 
precipitation level for Crude C when it was held for 14 hours holding/residence time 
before filtration. Using these optimum parameters, it is predicted that asphaltene 
precipitation for crude A and B will be 0.351% and 0.304% of NHI% respectively. 
The variance for this prediction was conducted experimentally and it is obtained at 
0.364% and 0.297% for crude A and B with a variation of 1.3% and 0.7%, 
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respectively. These deviations are highly accepted. As for crude B, the deviation is 
too large and it‟s suspected that the naphthenic crude has different asphaltene 
behavior from paraffinic crude A and C where the analysis conducted may be not 
suitable to precipitate out the asphaltene. This is considering the nature of the crude 
oil with high aromatic content and other related properties to asphaltene precipitation. 
Further study on this matter is suggested.  
Table 4.12 Average NHI% table showing optimum level, contribution and rank 
 Crude A  Crude B  Crude C 
Level Time Temp. Sol.   Time Temp. Sol.  Time Temp. Sol. 
1 0.181 0.237 0.256  0.212 0.214 0.177  0.185 0.207 0.211 
2 0.179 0.176 0.149  0.129 0.166 0.138  0.188 0.143 0.118 
3 0.205 0.150 0.183  0.137 0.133 0.188  0.130 0.154 0.195 
4 0.128 0.130 0.104  0.122 0.086 0.097  0.099 0.099 0.079 
Average 0.173 0.173 0.173  0.150 0.150 0.150  0.151 0.151 0.151 
Optimum 3 1 1  1 1 3  2 1 1 
Cont.  0.031 0.064 0.083  0.062 0.065 0.038  0.037 0.056 0.060 
Rank 3 2 1  2 1 3  3 2 1 
Temp. = temperature, Sol. = solvent, Cont. = contribution  
From the Table 4.13, we can see that solvent shows the highest F ratio for both 
crude A and C with F ratio of 5.8 and 4.6 respectively. It gives the contribution 
percentage, P% of ± 40% and 32.5% for Crude A and C making solvent the highest 
contributor to the precipitation of asphaltene. The F ratio here is the value of 
significance of a parameter contributing to the study behavior and then converted to 
percentage of significance; P. Temperature comes in second with 16.69% and 11.70% 
respectively for crude A and C. The data shows that all three studied parameters have 
affected and contributed to the precipitation. The other/error term here is 40.63 for 
Crude A and 45.16 for crude C. These numbers are acceptable according to ANOVA 
analysis [92]. The error term is because of the excluded parameter, such as crude oil 
composition i.e. basic sediment and water content (BS&W) and active sulfur among 
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other parameters has not been taken into account. It can also be attributed by other 
uncontrollable factors and experimental errors. Though careful experimental handling 
was applied to each and every test, it is without doubt that errors may be occurred.  
Crude B has definitely showed a different result than expected from the analysis 
of variance (ANOVA). The F ratio is surprisingly too low than expected and created 
less than 0.01% of contribution to asphaltene precipitation and reported as zero. It has 
very high other/error term, 91.61%. It is imperceptibly suggested that maybe because 
of the nature of the crude oil itself 
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Table 4.13 The ANOVA analysis for Crude A, B and C 
Factor DOF Sum of Sqrs Variance F Ratio Pure Sum Percent 
 (f) (S) (V) (F) (S’) P (%) 
Crude A       
Time 3 0.0123 0.0041 1.451 0.004 3.67 
Temperature 3 0.0259 0.0086 3.054 0.017 16.69 
Solvent 3 0.0492 0.0164 5.800 0.041 39.01 
Other/Error 6 0.0170 0.0028   40.63 
Total 15 0.1045    100 
Crude B       
Time 3 0.0208 0.0069 0.842 0.000 0.00 
Temperature 3 0.0352 0.0117 1.429 0.011 8.39 
Solvent 3 0.0207 0.0069 0.838 0.000 0.00 
Other/Error 6 0.0493 0.0082   91.61 
Total 15 0.1260    100 
Crude C       
Time 3 0.0225 0.0075 2.178 0.012 10.64 
Temperature 3 0.0237 0.0079 2.295 0.013 11.70 
Solvent 3 0.0474 0.0158 4.598 0.037 32.50 
Other/Error 6 0.0206 0.0034   45.16 
Total 15 0.1142    100 
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4.5. Summary 
In this chapter, experimental data obtained from both the foulant sample and crude oil 
properties were discussed in detail. From the result it is concluded that wax formation 
is the main and asphaltene deposition to a lesser extend as the source of fouling 
tendencies. For the wax deposition fouling, two mechanisms were proposed from our 
observation and interpretation. Slow and steady polymerization mechanism in the 
tube size and fast sedimentation coupled with „film‟ boiling in the shell side of the 
heat exchanger.  The properties mentioned above were also discussed and linked to 
the crude oils and crude blends characteristics. For asphaltene fouling the solubility 
parameters (SBN and IN) for each crude oil and the blends used was determined and 
reported. From this study it was found that all 3 crudes and their different blending 
ratios are compatible with each other. No serious effect from asphaltene fouling is 
anticipated.  From the study of asphaltene precipitation behavior the signification 
order is aliphatic solvent type, temperature changes and residence time respectively. 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
The aims of the study were to identify the crude oils and crude blends compositions to 
understand their tendencies for fouling in crude pre heat exchangers to occur. Fouling 
deposits were also characterized to understand the type of fouling occurred in the 
system. The study also aimed to understand the asphaltene precipitation and 
flocculation as the major crude oil fouling contributor by determining the solubility 
parameters and their behaviors to the changes of the three pre-determined parameters. 
From the study, the following conclusions and recommendations are outlined. 
5.1. Conclusions 
1. From the foulant characterization, it shows that the major cause of deposit 
accumulation is from wax formation where slow and steady deposition 
occurred on the tube side while rapid sedimentation occurred on the shell 
side. The sedimentation process is depending on the velocity and 
temperature of the flowing liquids in the heat exchangers.  
2. FeSEM analysis proves that shell side has undergone rapid sedimentation 
coupled with „film‟ boiling deposition mechanism under the influence of 
temperature. Tube side on the other hand undergoes a slow and steady 
solid deposition mechanism where the main mechanism is suspected to 
come from polymerization reaction which is catalyzed by the inherent 
metals present in the crude.  
3. Crude oils, A, B and C have different fouling tendencies depending on the 
content. Crude A, paraffinic crude has the highest amount of wax content 
of more than 30 wt%. This crude oil has higher tendency to be influenced 
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by polymerization process as compare to the other crude oils. To initiate 
the polymerization, the free radical must be first activated, usually by the 
presence of active metals and heat.  
4. Besides the inherent metals, all three crude oils showed high content of 
iron and aluminum, suggesting that corrosion had occurred somewhere 
along the transportation line prior to the desalter.  
5. The simulated distillation curves of three crude blends have been 
successfully correlated via temperature – percentage of cumulative weight 
with TBP curve. These results show that Simulated Distillation GC is 
capable of producing reliable results consistent with conventional TBP 
method and based on the observation of the correlated product yields, it 
shows that crude oil with higher specific gravity indicates less amount of 
light ends loss. This proves SimDist analysis can be conducted to 
determine the percentage of heavier fraction, to link with the potential of a 
crude oil to foul.  
6. In asphaltene flocculation study, the suggested back titration method was 
proved to be successful and can be used for low asphaltene crude oils. The 
study shows that all three Malaysian crude oils are self-compatible and 
also compatible with each other in the pre-set blending ratios.  
7. The presence of low molecular aliphatic components was proved to have 
the significant effect on the asphaltene precipitation. Precipitation rate 
decreases with increase in C number and the species of asphaltene also 
differs with different n-paraffin used. 
As the conclusion, all three crude oils are believed to have a fouling tendency as 
per the prediction earlier in the study. The compositions of a crude oil can actually 
give an early or rough indication for its tendency to foul, supported by other major 
fouling contributors which were thoroughly studied. Mitigating crude oil fouling 
requires a sound understanding of its chemistry and its influence on physical 
deposition mechanisms. This report is to provide the refiners on fundamental 
information on crude oil fouling, solely on the chemistry of crude oils themselves.   
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5.2. Recommendations 
1. There is an assortment of characteristics in a crude oil that has been conducted 
and few conclusions have been made. To strengthen the study, it is suggested 
that future study on the presence of sulfur species and reactive metals in the 
crude oil to be conducted, especially vanadium and iron as they are believed to 
have high contribution to the fouling problem.  
2. To have a detailed and thorough study on the heat exchangers‟ operating 
conditions which contribute to fouling such as crude flow rate and velocity, 
temperature and pressure to be conducted. It is primarily believed that crude 
velocity and temperature to have significant effect and govern the fouling 
process in big scale fouling.  
3. To conduct a more thorough study on the fouling deposit; i.e. for the presence 
olefin and reactive metals which could verify and support the polymerization 
fouling mechanism process to have occurred in the exchanger system.  
4. To include a wider range of parameters that might contribute to asphaltene 
precipitation. The parameters can be a wider temperature range, reactive sulfur 
and metal content, circulation of crude oil and maybe the composition of 
housing material of the oil tanker and transportation line, storage tank and also 
along pipeline to heat exchanger.  
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APPENDIX 1A 
Table A: De-waxing run sheet for Crude A 
Measured Weight  Formula Run 1 (g) Run 2 (g) 
Before De-waxing     
Wax flask + Filter paper A  267.8 272.1 
Filterate flask B  235.8 239.4 
Feed C  100.1 100 
Solvent D  298.2 300.3 
After De-waxing       
Unstripped wax + wax flask 
+ filter paper 
E  432.2 415.6 
Unstripped filtrate + filtrate 
flask  
F  451.3 472.3 
After Stripping       
Stripped wax + wax flask + 
filter paper 
G  302.4 298.8 
Stripped de-waxed oil H  262 279.3 
Solvent Recovery       
Solvent stripped from 
filtrate 
I F – H 189.3 193 
Solvent stripped from wax J E – G 129.8 116.8 
Total recovered solvent K I + J 319.1 309.8 
Feed recovery       
Stripped de-waxed oil L H – B 26.2 39.9 
Stripped wax M G – A 34.6 26.7 
Total recovered feed N L + M 60.8 66.6 
 
Wax content for Tapis crude, mass %: 
  Run 1: 34.57 wt % 
  Run 2: 26.70 wt % 
  Average: 30.63 wt % 
  
 
 
 
